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A COMPARISON OF CERTAIN ELECTRICAL PROPERTIES 
ORDINARY AND URANIUM LEAD 

By P. W. Bridgman 

Jepferson Physical Laboratory, Harvard University 
Communicated, June 17, 1919 

A comparison of the physical properties of chemical isotopes is 
significance because of the light it may throw on the correspone 
mechanisms. Comparisons of the properties of ordinary and uran 
lead have hitherto been made with respect to the atomic volume/ t' 
moelectric quality/^ and emission spectra.^ No differences have I 
detected, except possibly a very slight shift in one of the spectrum li 
It is not to be expected that large differences exist with regard to o 


fied ordinary lead. The radio-active lead was from Australian earn... 
tite, and showed an atomic weight of 2()6.d4. which is tlu-rctuiv (). (!' , 
lower than that of ordinary lead. 'Fhe theoretical and exi.erinientai 
value for the atomic weight of the pure en<l prodiu t ..f llie .lisiniegra 
tion of uranium is 206.08, so that this sample was i.rolial.ly coinjx.-ed 
of 76% pure isotope and 24%, ordinary lead, 'the ra.li.. activi' l.Md 
contained not over 5 parts in 100.000 of impurity, mostl\' silver, an.t 
the ordinary lead was a trifle less pure, showing also a tr.ice of ...pper. 
For the experiments both these samples wen* forme.! into wire (i.d.l.s 
cm. in diameter by cold extrusion through a steel die, 'I'he samples 
were cast into ingots ready for extrusion by Professor Rich.inls, who 
melted them in hydrogen and then continued the fusion for ten minutes 
in vacuum. 

The measurements recorded here are comparisons of the pressur.- 
coefi&cient of electrical resistance, temperature coellieieiit of resist 
ance, and specific resistance. The comparison of pressure coetruieiU 
of electrical resistance was made with more accuracy than tlie other 
measurements because a specially adapted apparatus designed fur 
another purpose was available. 

In order to compare the pressure coellicients, approximately eipial 
lengths of the two varieties of lead were wound non inductively on 
either end of a bone core, which was placed in the pre.ssure chamber. 
The two terminals of each wire were soldered to independent leads 
which were brought through the walls of the pressure chamber through 
an insulating plug of a design essentially like that ]>reviously deserihe.l.^ 
except that there were three, instead of one. insulated stems through 
the plug. The two wires were made the two extension coils of a Carey 
Foster bridge. In this way the difference of the pressure effects on 
the two coils could be measured. The absolute value of the pressun* 
effect on ordinary lead had been previously determined with suflicieni 
accuracy.® The apparatus for producing pressure was the same as that 
previously described.® 

Readings were made to 12,000 kgm./cm.* at KMK) kgm. infervaC, 
with increasing and decreasing pressure, and at two temperatures. 2.A’ 
and 85°. An independent set of readings was made to determine the 
effect of pressure on the resistance of the leads, which turned out to he 
almost negligible. At 25° the decreases of resistance of the two kinds 
of lead under 12,000 kgm. were the same within 0.02%7 of the total 
decrease, and at 85° within 0.03%. Assiiminw .tint lU.. n.i.. 
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instrumental error in the readings would have been 0.04%. 
agreement is therefore as close as could be expected. At press 
lower than 12,000 the agreement of the readings was also always wi 
possible instrumental errors. 

The temperature coefficients were compared by comparing th( 
sistances at atmospheric pressure at 25° and 85°, while still woun< 
the same bone core as was used for the pressure measurements. ( 
this range the temperature coefficients differed by 0.06% of themse 
7'his is slightly greater than the possible instrumental error, h\ 
less than possible discrepancies due to differences of handling w 
I have previously found in different lengths from the same samp 
ordinary lead. 

The specific resistances were compared by comparing the a< 
resistances of the samples already measured. Correction for 
equalities of dimensions was made by measuring the length of 
sample and its weight, and from these computing the average cross 
tion assuming that the densities were directly proportional to 
atomic weights.^ In order to measure the length, the wire had 1 
cut from the core, unwound, and straightened. Because of the 
chanical softness of lead, this is a difficult operation without errc 
that the comparison of specific resistance is less accurate than of 
sure or temperature coefficient. Two independent comparisor 
specific resistance were made. The discrepancies of these two coir 
sons differed in sign; the average of the two comparisons showc 
agreement of specific resistance of 0.06%. 

Conclusion.— These measurements establish that any differenc 
tween the pressure coefficient of resistance, temperature coeflE 
and specific resistance is at least many fold less than the diffe 
of the atomic weights. It seems indicated with a high degree of p 
bility that the same conclusion will be found also to apply to the 
pressibility and Thermal expansion. The results fortify the poi 
view embodied in recent theories of electrical resistance that the 
esses involved in electrical conduction take place in the outer p 
the atomic structure. 

^ Richards, T. W., and Wadsworth, C., 3rd, J. Amer. Cheni. Soc., Easton, Pa., Si 
(221-227 and 1658-1660). 

2 Richards, T. W., Year Book, Carnegie Inst., Washington, 16, 1917, (299-300). 

. ^ Aronberg, L., Astroph. J., Chicago, 47, 1918, (96-101). 

^ Richards. T. W.. and Wadsworth, C., 3rd, J. Amer. Chem. Soc., 33, 1916, (2613 
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A CRITICAL THERMODYNAMIC DISCLSSIOX ol' THI' 
VOLTA, THERMO-ELECTRIC AND 'I'l II'KM H )N K ' 
EFFECTS. 

By P. W. Bridgman. 

Synopsis. 

In this paper the various relations between the V'olta e(it‘et. thrnuo ii ic 
effects, and thermionic effects are critically discussed t’n»iu th(‘ geiu-ia! vi('w pMiiif 
of thermodynamics, avoiding assumptions involving spt‘cial iiun'hatu^iniM. I hr 
ordinary concept of an impressed E.M.F. is found inadt‘([iiatt‘, and a gtuieisal drhui 
tion is proposed, competent to include systems in which tlu‘ loive dtiving id.u tin tf v 
has not the character of a spatially distributed field of torce. A tlua utMd\ naiiut 
proof, dispensing with all special assumptions, is given tor a tot luala tot t ttr {I'lui'i-ta 
ture coefficient of the Volta effect originally given by LoreiUz atul Ridvin. Uu i 
temperature coefficient involves a surface heat, the existimce ot whii’h ha*i not vrt 
been established experimentally, and the possibility of which is usnalty ovci !»<okfd. 

It is shown that Richardson has neglected this surface ht‘at, and that the tusninl,! 
of Lorentz and Kelvin may be deduced also from the plaaiomcna ot tlteinuMtiu 
emission when the surface heat is taken into account. Funuuhci arc dcdiurd 
connecting the latent heat of vaporization of electrons, surfai't* boat , iui tui c h \I b .. 
surface potential jump, Thomson heat, E.M.F. and potential gradient. It t-i ^ liown 
that in general local heat, potential difference, and F.M.h'. cattuol be etinal to 
each other. An expression is found from thcrmumic considt'iation.'i toi the \‘olta 
difference of potential between two parts of the same iuu‘tiuuUy heated metal, 
and the possibility suggested of using this effect in determining the Irvpothrtieal 
surface heat. It is shown that it is almost certain that in an imetptally heated mefai 
there are currents continuously flowing in closed circuits through tlie tmial and ih«' 
surrounding electron gas. It is shown that the Volta law of tenMtomi mu»4 be 
capable of extension to include the local potential jum{)H and E.M.h'.'s, all luaigh t he je 
are not susceptible of direct measurement. Finally, expre^ssions are detlueed |*»r the 
effects of pressure and change of state on the Volta contact diflVrenee ol iHtteiiiial 
These involve the change of volume with surface charge and the c*fjfeti ol jairiare 
charge on melting pressure; effects for which no search has been made yvi rs|M'ii 
mentally. 

Introduction. 

TN a recent paper I have described the effect of pressure on the tlifriuo 
electric properties of metals. In an effort to obtain a.s imicli inform- 
ation as possible from the results I later undertook to discuss the rclaliims 
of thermo-electric phenomena to the Volta effect and the phcmmicna of 
thermionic emission. This discussion proved to be difficult Iti'causc of 
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the nature of the Volta potential difference, and a locally absorbed h( 
are all involved and discouragingly confuse the issues. Nearly 
previous discussions of these matters have involved special assumptic 
as to the relations of these phenomena. It is a question to what ext<: 
the correctness of the previous results depends on the special assumptioi 
In order that the discussion of the effects of high pressures might be fi 
from such elements of uncertainty, I have started at the beginning a 
examined the whole field from a single point of view. In this examir 
tion I have tried to avoid every special assumption, for instance assumi 
neither that the jump of potential at two metals in contact is equal 
the Volta contact difference, as does Kelvin, nor that it is equal to t 
Peltier heat, as do Heaviside and Richardson. The methods employ 
in this examination are largely the general methods of thermodynami 
in this way the assumption of special mechanisms is avoided. T 
results of this critical examination constitute this paper. 

It turns out that a number of the previous results are unaffected 
the special assumptions under which they were developed. In Richai 
son’s work, however, I believe that I have discovered an effect whi 
he has neglected, and which will bring his formula for the temperati 
coefficient of Volta contact difference of potential into agreement witi 
formula previously given by Lorentz and later by Kelvin. The eff< 
neglec'ted is a hypothetical surface heat, whose existence has not ] 
be(‘n searched for experimentally and whose magnitude may well 1 
for any information we have at present, large enough to essentia 
modify many of the thermionic formulas. In the following a numl 
of thermionic formulas are given as modified by this effect. In additic 
the specific relations are developed between the local E.M.F.’s, lo^ 
potential jumi)s, and local heats which express the necessary relatic 
when these ci nan ti ties are not assumed respectively equal, as has f 
(piently been done previously. A connection is found between 1 
surface heat and the Volta difference of potential between two parts 
the same uneciually heated metal. Finally the effects of pressure a 
change of state on the various effects are discussed from the point 
view of thermodynamics. 

Tine Concept of Impressed E.M.F. 

It is in the first place necessary to examine the concept of an impresi 
E.M.F., because with the discovery of new facts, such as those of electi 
emission, the old concepts have become inadequate. As commoi 
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line integral of the “electric” force. The electric h-rce is tu he run,- 

puted in the classical way from the field eiiiiatums. In a.l.h- 

tion to forces of electro-magnetic origin, howcvt-r, it i> neces-..iiy 
to recognize the presence of non-electro-magnetic fnrces .ictiug .ui el.-e 
tricity. For instance, in an electron gas in whicli there i> ,i ine-.ure 
gradient, the pressure gradient gives rise to a non-electni-ni.ignetir tm.v 
acting on electricity. Such forces may be specilic.illy intcdueed inr.. 
our equations and are called “impressed forces." in the s.uue \v.i\ fli.it 
impressed forces are introduced into mechanics. In an eleciri.-al s\ >tem 
in which there are impressed fc)ra‘s it is ttsual In it-rng 
nize the presence of an impressed it is thlsvini^ 

cept of impressed E.M.F. and its rt'latinii in that nt 

impressed force which requires examinatinu. 


It is usual to connect in a sinipk^ way tin* imprrvMni 
forces with the impressed E.M,k\ A careful expnsifinfi 
of this point of view will he found in Abraham lei, for 
example. Consider a conductor in which the eleiiricify 

^ is in equilibrium under the action of the electric and 

the impressed forces. We may di*noti‘ tin* t‘lectnc force 
by and the imprcwssed force by F/. 1 'hcn since therr 
is equilibrium, £'*+£'' = 0 . I'he inq^resstHl he 

Fig* 1 . tween two points in such a system is usually di^fined 
JE^ds. This analysis of the situation is inadeciuate, how(*\ i'i\ .is the fo! 
lowing considerations will show. 

Consider the behavior of a gas in a field of force, suc^i as an ordinary 
gas in a gravitational field or an electron gas in a pott*ntial fiehl. laU a 
portion of the gas originally at AB (Hg. i) rise isotliermaily under 
equilibrium conditions to CD. The work done by the prt‘ssure.s acting 
across the boundaries in this displacement is zero. Thh may he ptin ed 
by a direct integration, or may be simply seen as follows: C ouhider the 
work done across the surfaces during a displacement shown by the tint let! 
lines. The work done by the top surface in nuiving through flits dis 
placement will be exactly neutralized at some later instant by work 
received by the bottom surface in moving through the same diH|iIaiviiit*iit . 
Hence no net work will be done by the top and Iiottom surfaces logetlier 
in the region CB. The total work of the operation will be tliat nxvlviA 
by the bottom surface in moving from A to B minus that done tiy the 
top surface in moving from C to D. The first is piVu and the seciiiid is 
P2V2. But piVi = P2V2 (isothermal). Hence no net work is done bv flic 



We are here confronted with a paradox, the gravitational force bei 
always equilibrated by other forces, but the gravitational force doi 
work during a given displacement While the others do none. (There 
here no contradiction of the first law of thermodynamics, the ener 
required to increase the potential energy of position being provided 
heat inflow as the gas expands isothermally.) The solution of t 
paradox lies in the observation that the two forces concerned, the gra' 
tational force and the equilibrating forces, are entirely different in natu 
One is a body force, and the other a differential pressure, of the nature 
the stresses in an elastic solid. One would never think of saying thai 
gravitational force and the stresses called into play by it in an elas 
solid were equal to each other. Still less can one speak of the line in teg 
of the equilibrating forces; such an expression can have only a forn 
meaning and cannot be equal to the work done by such forces duri 
the given displacement. 

It lollows that the concept of an impressed E.M.F. as the line integ 
of a non-electric force has a chance of being correct only in those ca: 
in which the non-electric force is in its nature a body force, like t 
forces of the electrostatic field. 

Before defining precisely what we shall mean by an impressed E.M 
it is to be noticed that the idea is a relative one, as in all cases of ener 
transformation. Consider a clovsed circuit, for example, in which eve 
one is pretty well agreed in calling the impressed E.M.F. the work dc 
when unit ciuantity of electricity flows around the circuit. But wc 
done on what? If the circuit consists of a dynamo and a motor, sh 
we mean the total work done by the motor, or the net work of dynai 
and motor together? It must be obvious that to give impressed E.M 
a precise meaning we must divide our universe into two parts; one is i 
I)art in which the action takes place which we specify as E.M.F., a 
the other we shall call the “outside” part, on which the action of i 
impresvsed E.M.F. is expended. We could therefore say that the i 
pressed E.M.F. of a closed circuit is the energy, including heat, delivei 
to “outside” agencies when unit quantity of electricity flows arot 
the circuit. In the example above, the motor may be taken as the o 
side agency to which energy is delivered by the E.M.F. of the dyna 
when unit quantity flows. 

With this recognition that impressed E.M.F. involves the specifi 
tion of wsome outside agency to receive energy, and that the magniti 
of the E.M.F. will depend on the choice of the outside agency, we del 
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in the direction B to A is the energy delivcrt'd i.> tun-id.- 
per unit quantity when positive electricity passes hum />‘ i,. I. plu 
the increase of energy of the electricity, including in llii-- in> n .i-i 

of energy in the electro-magnetic fickl and intrinsic energ\ . a-. 1« <t es.uui ilt 
in an electron gas).” This reduces to the ordinary delitiiti-ai tni .1 c It.-.ed 
circuit, and for a battery on open circuit with terniin.d- o! the •..nm 
metal reduces to the electrostatic potential difference o! the (c i miu.ii-,. 
as it should. By “energy per unit quantity ’’ as used in the detmition 
is to be understood the limit of the ratio of energy ttiiinantifv ha qu.mii 
ties sufficiently large. That is, the distinction eniph.isi/i d bv l oicnl/ 
between “mathematical” and “physical” inlinilesinials is to be kepi in 
mind, and in the limiting process conti'inplateil in this di-lmdiun ihe 
“physical” infinitesimal quantity of electricity is large enough n. im hide 
many electrons. 

The discussion of this paper will be largely concerned with iln iino 
electric processes, in which heat energy is converted into electric. d eiici e v . 
This point of view demands that all the heat proce.sses counccici! with 
this conversion, except the irreversible Jouh'un Iieat, be .im ribed (n ilir 
internal part of the system whose E.M.F. is di.scnssed, .is opposed to the 
outside agencies which receive the converted energy. In p.u iicul.u . the 
reversible Peltier heat in a thermo-electric ('irciiit is not to be ticatcd .c. 
energy delivered to an “outside” .source. 

These views of impressed E.M.F. are not in agn-enient with tln.se 


commonly held. Consider, for instance, the e.xainple 0 ! tlie dectiic 
double layers which may exist on the surface of .separation of niet.d .ind 
ether. The existence of such layers demamls a junt(i in tlu' elc< tio .t.itic 
potential. It is common to say that in this <loiil>Ie lav-er ih.-rc i-. .ut 
equal and opposite impressed E.M.F.‘ d'he tirguinent is th.it •tthetwee 


the electricity in the double layers could not be in ra|uilibriittti. iU 
the argument is not valid if the non-electrical forces are ditleieni i 
nature from the electrostatic forces. We h.ave seen in one speei.d . .e 
that the non-electrostatic forces may be like the stre.sses of .m el.eui 
body, instead of like body forces. In the case of double stirlace Ia\ er 
we have the further possibility that there may kt forces af thv n.iiuie , 
kmetic reactions due to bombardment by flying electrons. Such I,, nr 
are certainly not like body forces in nature. Furthermore, the equifi 
bnum argument demands an inexhaustible supfily of freely inov.d.l 
electricity in the surface layer; we have no assurance that this electricit 
is present. In this paper my position is that it is not justifiabh- to pu 
local .«.p,es»,d E.M.F/S equal ,o local potential „ 


voL.^xiv.] yqlxa, thermo-electric and thermionic effects, 31 1 

The Volta Effect. 

The Volta cfl'cct next concerns us. There has been continuous dis- 
cussion over this without yet any final agreement. There is, however, 
no (jiiestion regarding the fundamental experimental facts. If two pieces 
ol metal, say Cu and Zn, are brought into metallic contact, it is found 
that points in the surrounding medium, gas or vacuum, immediately 
outside the surfaces of the two metals, arc at a difference of potential 
characteristic of the metals and the medium. When the medium is a 
perfec't vacuum we define the potential as the true Volta potential dif- 
ference. This difference may be measured in the regular way as the 
limit of the ratio of the work done on an electrostatic charge to the 
charge as the charge is made smaller. 

The existence of a Volta potential difference follows as a matter of 
necessity if we suppose jumps of potential between the interior of Zn 
and c‘ther, interior of Cu and ether, and between interior of Zn and Cu. 
I1ie Volta jump Zn-Cu is the sum of the jumps ether-Zn, Zn-Cu, and Cu- 
ether. These jumi)s of potential demand the existence of corresponding 
double layers at the corresponding surfaces of separation. The precise 
strengdi of each doulffe layer must remain conjectural as long as we have 
no method of determining the potential of points inside the metal. On 
the surfaces of Zn <md Cu there is, in addition to the double layers, such 
a distril)ution of true electricity that under its action and that of the 
double layers, as computed by the law of the inverse first power, the 
spa('e immediately outside the surface of each conductor is at constant 
potential, the potentials outside each conductor differing by the char- 
acteristic difference. If the geometrical configuration of Zn and Cu is 
changed, the single charges redistribute themselves on the surface so 
as to continue to .satisfy the conditions. In particular, if Zn and Cu 
are made in the shape of plates, we may get the well known condenser 
action as their distance apart is varied. 

The Volta potential difference is maintained automatically by some 
mechanism in the metal. A consequence of this is that if two pieces of 
Zn and Cu are charged out of contact with each other to a potential 
difference V (as measured l}etwecn points in the surrounding ether 
immediately outside each metal), and are then brought into contact 
with a drop of potential difference to Vge (where Vge is the Volta dif- 
ference), and passage of an amount of electricity E, the amount of elec- 
trical energy yielded l)y the system available to outside agencies is 
F.,)/2i. 

It may l)e shown by detailed analysis of any cyclic process involving 
the Volta effect that such a mechanism, automatically maintaining a 
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constant difference between the metals, rloes 

the first law of thermodynamics. . 

Up to the present no way has been discoveivii n! i.t.LnuK; the intupa . 
potential involved in the Volta effect. Theiv havv, le-uev.-r, l,. eu lu 
principal points of view. One is that I.etween points ,n .lutereut mot., 
on opposite sides of a surface of separation there is ,.ulv .. vi v mu.i 
potential jump, numerically equal to the IVltuT IumI. aii 4 llu! l! 
characteristic jumps are located between the nu‘ta! and rfhn : win 
the other point of view is that there is no jum|) lulWivii imia! an 
ether, but that the entire Volta jump tak(‘s plan* poiiif s will 

in the metals, on opposite sides of their surfacn* ot si*p.iratiun. In tl 
following I shall assume neither of these cKtwiuv positiniiN. bill di.i 
assume potential jumps and the ^'orrespondiuR dtml 4 r lavoi:. IhM 
between metal and ether and between metal and nmtab sulqn t lu ll 
single restriction that the sum of the jumps Kivc‘s tin* oi^servod \ nl 


jump. 


As already mentioned I shall not avssume that tlioro aro iinfirt'sM 
E.M.F.’s at the surfaces equal and opposite to tin* potmitia! imiq 
Neither shall I make the assumption, to me entirely nnjustiliablo. ih 
at the surface of separation of two metals here is an tiupri'NMnl 
equal to the Peltier heat. Electricity must now be ren»gni/rd as 
substance capable of possessing kinetic and potential eiU’iRV. t nd 
these conditions there is no necessary conneiiion between nn-telv tl 
heat and work absorbed when electricity passes from otu* ItH'atity 
another. 

The THERMo-EiaccTRic ('iRcaur. 


We are now in a position to discuss the ordinary thermo rlreti 
circuit. In order to have the' entire situation immediately before 
will pay to reproduce the usual analysis. C'onsidiT a i’ireuit of twti met. 
A and B with junctions at t and t + At. The tlH*rmo*i*let'tri«‘ artii 
shall be in such a direction that current flows from A H at tin* ii 
junction. In practise the current usually attains sucli a wiUie ilia I I 
energy input is all used in overcoming Ohmic resistance, hut we 1111^! 
if we pleased, insert an electromagnetic engine in the circniit anti ubt.i 
useful mechanical work. For the pre.sent we disregard the* irrt*versif 
aspects of this process, and assume that the circuit may be treated Ii 
a perfect thermodynamic engine. The first law of tliermcttlynaiii 
states that in any closed cycle the energy input etpuilH the energy cmlpi 
We will take the closed cycle to be constituted by tlu* flow around ! 
circuit of unit quantity of electricity; this extension of tlit* ideii of ryt 
is justified by the fact that after completion of the i)ro(a*ss evt‘ry pi 
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of the system has returned to its original condition, and so there has 
been no change of internal energy. The energy output of the cycle is 
that which might be obtained from the current by an electro-magnetic 
engine, and for unit quantity of electricity is simply equal the E.M.F, of 
the circuit measured in appropriate units. We denote this E.M.F. by 
AEq, where Eq is the E.M.F. of the cycle between the fixed lower tem- 
perature /o and a variable upper temperature. The energy input of the 
cycle is heat input and occurs in four places: at the two junctions and 
in the two metals A and B. At the junction the reversible heat generated 
is called the Peltier heat. We denote by Fab the heat absorbed by unit 
quantity of positive electricity in flowing from A to B. In a steady 
state, heat absorbed by the current is provided by an inflow of heat 
from the surroundings. In virtue of reversibility, Fab = — Fba- In 
the wires themselves there is also the reversible Thomson heat. We 
denote by <ta the heat absorbed by unit quantity of positive electricity 
in flowing in the metal A from a lower temperature to a temperature i 
degree higher, a corresponds to the “specific heat’' of electricity. 
Fab, o’a, nnd are all functions of the temperature. It is a matter of 
experiment that <t does not depend on the temperature gradient. 

There have been in the past numerous attempts to show that a does 
depend on the temperature gradient, but the overwhelming concensus 
of opinion has been that all such supposed effects are to be explained by 
local inhomogeneities in the metal. Recently, however, Benedicks (3) 
has I'copened the question, claiming to have established the existence of 
a legitimate effect. As far as his work on solids goes, a paper by Foote 
and Harrison (4) seems to me to fully meet the situation. With regard 
to liquid mercury I had, before knowing of Benedick’s work, found 
negatiye results (5). I had shown that positive results will be obtained 
unless the apparatus is symmetrically located in the gravitational field. 
Benedicks does not mention any precaution of this nature, and I believe 
that his positive results are to be explained in this way. I shall assume 
in this paper that the effect does not exist. 

The first law applied to the cycle now gives at once 

AjEo == Fab{^ + ““ cTjgA^ — Fab + 

or 

dEo . dFAB f V 

In virtue of the experimental fact that the E.M.F. of a circuit from h to 
h plus that of one from fe to tz is equal that of a single one from h to 4, 
dEajdt is independent of h, and we write simply dEjdt, whei'e the h 
from which E is measured need not be soecified, and in oarticular has 
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no relation to the temperature at which (he <r,u on, aii.l <// .ki 

equation are taken. 

The second law may also be applied, 

PAB(i + _ A- n. 

T+'A^ i + At/2 t I -1 At .! 


Im-kii.s. 
iii t»! I hi’ 


This may at once be rewritten in the form 


^ t + At/ 2 


and gives in the limit 


d ( Pab \ . t / 


4 — cfn) - 


1 * 


We may now eliminate a a — <^b or Fah IjetwtHii i an« 

jIEab 


1 iihtaiiiiiH 


Fab = t 


(it 


(T^ — (TA ^ 


d;^EAn 

(IP 


In order to show that the E.M.F. is in such a clinaiion that thv vmivn 
flows from A to B zt the hot junction, wc write E witti the ?4i!tsrri|*f 
A and B. 

Two aspects of these equations require discussion; first tire irrr\ia‘*ihli 
aspects of the process, and second the location of the 

There are two irreversible processes always involvt‘d in any tlirniio 
electric circuit; generation of Joulean heat by the current in oveicoiiiin; 
the resistance of the wire, and conduction of heat from the htUfer to tli 
colder end of the wire. In the early days of the sul^jtHd it did ntr! ,Hi*en 
very’ objectionable to entirely disregard these effects, hecaiise <4 lli 
probability that they were due to entirely unrelated |)arts of the ttierliaii 
ism, so that it would be conceivable that a metal might vKist with tli 
same thermo-electric properties as any actual metal, l)Ut with negligibl 
thermal conduction and Joulean heat loss. But with the rise of elt^c trii 
theories of metals it became exceedingly probable that all tlicHt* etlert; 
reversible and irreversible, are tied together by the sarm* mecJiaiii.Hii 
so that we cannot, at least without justification, assert that any itHpiTl i 
unimportant. It was this feeling which inspired I.orentz^H article in tli 
Wolfskehl conference collection. (6) Thomson also always ri^gardi^d fli 
thermodynamic argument as by itself unsatisfactory, and looked o 
the equations obtained by the method above merely as suggestive ri^h 
tions to be tested by experiment. 

It is not unusual in elementary text books to find the statement tiu 
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by properly choosing the dimensions of the circuit the irreversible aspects 
may be made vanishingly small. An argument by Boltzmann (7) in a 
much neglected paper shows, however, that this is not tr.ue, but that the 
ratio of irreversible to reversible heat can be reduced only to a minimum, 
not zero, by a proper choice of the constants of the circuit. Work is 
extracted from the circuit reversibly by an electro-magnetic engine of 
properly chosen back E.M.F. The dimensions of the parts of the circuit 
and the magnitude of the back E.M.F. are the only variables under our 
control. Suppose now that the best construction possible has been given 
to the circuit by a proper choice of all the independent variables. We 
may write down the thermodynamic inequalities that hold for an irre- 
versible process, and obtain a necessary condition between the electrical 
and thermal conductivities and the thermo-electric constants. This 
condition is given by Boltzmann and is 

dE 

- P S 2AA (5) 

where 

A - 

and Ra == specific electrical resistance of A, 

Ka = specific thermal conductivity of /I, 

with corresponding letters with subscripts B for the corresponding 
proiKn'ties of B. 

The necessary condition written down above on the assumption that 
the reversible and irreversible aspects of the thermo-electric circuit are 
iiu^xtricably tied together to form one essentially irreversible process is 
not one which in practice imposes any useful restriction on the constants. 
2 A V/ is in nearly every known case greater than t-dEjdt alone, which 
may always be made positive by a proper arrangement of the metals, 
and is thus necessarily greater than t'dEJdt — P, because in every known 
case P is also positive when t-dEjdt is made positive. Experimentally, 
t-dEldt is fairly easy to determine accurately, the difliculty being with 
P, So long, therefore, as t-dEjdt alone is less than 2A no amount of 
experimental inaccuracy would vitiate the inequality, which thereby 
loses all interest. 

Many direct experimental attacks have been made on the question 
of the equality of t'dEjdt and P, but the experimental difficulties are 
great, and the experimental verification is still far from complete. Thus 
it was not until 1906 (8) that the reversibility of the Peltier heat was 
shown with any accuracy, the reversibility usually being assumed in 
experimental work and used as a means of eliminating the Joulean heat. 



So far as I know, there is no evidence that l-ilK dt am! /* aiv not t q! 
and with increasing accuracy of experiment at inn the \ ei iticati^ ni ! « i , m 
closer. Gottstein (9) has published data on siltfon. iiu.K l.ilciuie .1 
graphite, in which the effects are large, and which otlin t oiiNidi iaiii 
suggest as the most likely field for discrepancies, and ha-- oln.iii 
verification, within the limits of accuracy of/’, which .tie .iliotit .H p.-r ce 
Caswell (10) has also recently published data on sever.t! Hi Sn .tllo 
in which the effects are also large, and obtained verilic.ition witliii 
per cent. He states that the accuracy of the I’eltier he.it ine.t .luriu,- 
is 2 per cent., but also explicitly emphasizes that his meaMireineni*. h. 
proved the thermodynamic relation. 

Mention should be made in this connection of it theorem of H.icdel 
(11) to the effect that if the relation 


is true for a single pair of substances it is true for every p.iir. The pn 
given by Baedeker does not justify .so general a statement ,ts thi'., ho 
ever, and presumably the theorem itself <loes not holil. H.tedeki 
proof is as follows. The relation (2) above iiecoines, if extended 
include irreversibility. 

Combining this with equation i gives 

dt t 

The equality sign holds for perfect reversibility. SuiriKise now that I 
equality sign holds for a special pair of metals, .so that 

AEab _ I 
~ dt ~ 

Consider now the couples AC and CB, where C k any tliini met 
Because of the addition theorem we have 


Now if 


^E ac . dEcB 
dt dt 


f(BAC+Pc„). 


^Eac Eac 
dt t 


dEcB ^ PcB 


we must evidently have 
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which, Baedeker says violates the second law, and hence the theorem. 
Baedeker failed to notice, however, that in the above inequality the 
metals must be arranged in such an order that dEAsIdt is positive. His 
proof therefore holds only when dEAcldt and dEcsIdt are both positive. 
The correct theorem is that if the relation of perfect reversibility holds 
for any pair of metals A and B (dEAsIdt being positive), it also holds for 
all pairs of metals between A and B that may be chosen from the series 
of metals arranged in ascending order of dEAx/dL 

In practise, however, an equation can only be shown to hold within 
limits. So that instead of a perfect equality we should only have 


dEj^ 

di 


t 


Bab + 


where e is some positive quantity. The argument above now shows that 
if C is any third metal intermediate between A and B, dEAcldt cannot 
e.xcecd PacI^ by more than 6. But dEAcldt is numerically less than 
dEAsIdt, so that the percentage verification of the formula for the pair 
.4C is not so good as for the pair AB. 

If therefore a method is available in which the limits of accuracy are 
percentage limits, this theorem, contrary to what Baedeker supposed, 
does not allow us to dispense with an experimental verification of the 
formula for every pair of metals. 

There is no inequality corresponding to 

dEAB ^ P AB 

dt ~ t 


connecting the Thomson heats with the electromotive force of the cir- 
cuit. The analytical reason is that the two sides of an inequality may 
not be differentiated. The experimental verification of the formula for 
the Thomson heats is not yet as complete as that for the Peltier heat. 

I shall assume in the following, as most probable from the present data, 
that the thermodynamic relations obtained by neglecting irreversibility 
are strictly true, but in my opinion the question cannot yet be regarded 
as closed. 

Consider next the location of the E.M.F. A glance at the thermo- 
dynamic arguments shows that we have said nothing about the intensity 
of the forces at any locality; we have merely equated the total work done 
in the circuit by the E.M.F. to the total energy inflow in the form of 
heat, and our justification is the experimental fact that in the complete 
cycle no other forms of energy have any net effect. The thermodynamic 
results are entirelv unaffected by adding to any possible physical dis- 



3i8 


p. 


ir . briih;ma\. 


around the complete circuit. Any ar^unu'ut iiT .i Imali/.-il i 
must use other kinds of experimcnlal fact than tim-c uhi. h \u 1 
up to the present used. There ha.s, m'vcrtlu'lc>s. Itrcu .m aii.Miipt 
many physicists to identify the reci'r.sililc liiMts uilli t-x.ii sh n 
E.M.F.’s at the same localitie.s, and cotivcr.scly. M.isuc!! d.ir, i 
as did also Heaviside (12), who speaks with iisif.iiint 

thosewho would “make a force do work wlierc it is not," Ail the. A 
tions of Heaviside as to energy manifestations at llic iniu lion*, ..n-ii 
me to be fully answered by a careful consideration ot the n.itnte of 
Poynting vector, together with a recognition of the f.t< t ih.tt witluii 
metal electricity may possess kinetic ;ind i)olential enetgii- . cli.o .d tni 
of the metal. Whatever assumption one cares to tn.ike .ihout tlie h 
tion of the E.M.F. will be found to involve such a tiisliibnli.ai oi 
Poynting vector as to automatically take c*at'e of aiir iinn ai.t! i-iu 
transformations introduced by the assumptions, liowevei, in .» rooi.i 
with the mode of thought of Maxwell and Heaviside it is u ai.il to Np 
of a Peltier E.M.F. and a Thomson E.M.F. if. t’aswe!! 'to , n 
which are precisely equal to the corresjMnnIing reversiliU- he.it ., .im 
assume that these are the total E.M.F.’s at the junetion or in tin- 
equally heated metal. This, it seems to me, is entirely nnjie.tilii-d. 
my position in this paper is that we know nothing alu.tit these loi .i!i 
E.M.F.’s from experiments such as the.se on closetl circuits. \\ hen in 
following I speak of a Peltier E.M.F., I metui whatever ff.M.F , if .1 


there may be at the junction, but shall a.Hsume no rel.ttifin wiifi the 
at the junction. Similarly by the Thomson E.M.F. I mean the h:, 
distributed throughout the metal in virtue of the temper.ttnie gt.i.i 
but again shall assume no relation with the 'I'hornson lieat. 

A second point of view, that other .specifialrle hl.M.h-.’s th.tn 1 
corresponding to the local heats are involved has been ni.ii.it, due, 
many. Among the prominent early holders of this view w.e. 
Kelvin, who believed that at the junction of two metals there i,. an F. : 
equal to the ordinary Volta contact potential difference. Adupting 
point of view, Kelvin in one of his later paiH‘r.s (i.^) dedm eil a rel. 
be^een Volta potential difference and a quantity aiialugoii, 0, 
Peltier heat by a purely isothermal process, thu.s avoiding the dilln t 
of irreversibility. The same relation had also been giwn nine r 
previously by Lorentz (14) in a paper corrected by him to meet 
aiticisms of Budde (15). Both the papers of Kelvin a.td Eorent. ■ 
to have been entirely overlooked by subsequent writers. It is 
becoming evident, however, from such work as that of Ri«-h.,rd«.„ 
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than the other, and that there may be a potential jump between the 
surface of the metal and the surrounding ether. I shall show from an 
examination of the phenomena of thermionic emission that there are 
certain relations between the E.M.F. of a circuit, Peltier heat, Volta 
potential difference, etc., irrespective of what hypothesis one adopts 
about the location of the potential jumps. Richardson himself makes 
the assumption that the local E.M.F. is equal the local heat, and with 
this assumption obtains a relation similar to Kelvin’s. 


Temperature Coefficient of Volta Effect. 

The following deduction of a relation involving Peltier heat and Volta 
difference is considerably simpler than that of either Lorentz or Kelvin, 
and furthermore makes no assumptions as to the location and magnitude 
of the surface potential jumps accompanying the Volta potential differ- 
ence. The method also permits somewhat more general conclusions. 

Imagine an infinite plate condenser composed of two different metals 
A and B, all parts of which are maintained at the same temperature, 
and the distance apart of which is variable. The two plates may be 
connected by a wire. We imagine this wire to be half of A and half of Bj 
so that when charge is transferred from one plate to the other through 
the wire the ordinary Peltier heat is developed at the junction. 

As the independent variables fixing the state of the system we choose: 


t = absolute temperature, 

p = positive charge per unit area on A (there is of course an equal 
negative charge on B), 

c == capacity per unit area (this depends only on the distance apart 
of the plates) . 

The following dependent variables are to be considered : 


Vba = Volta contact difference of potential, 
ic = internal energy per unit area, 
dW — woi'k done by the system in any infinitesimal change, 
dQ = heat absorbed in any infinitesimal change. 

Now the second law states that {du+dW)/t is an exact differential 
for any reversible change. We accordingly have to find dW and du. 
For dW we have the equation 



The partial derivatives may be evaluated as follows. Obviously no 
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distance of separation of the plates constant, it .it ilu- timr n 

charge is transferred from plate to plate. 1 lu’ .ui.iKlit ■ t.itruirni i 
this is 

=o. 

Again, if work is obtained by letting current flow Inmi plait* fn platr ih 
effective driving force is the difference (^f potential minus ftir I'nlt 
difference. The work done during this passage of riirreiit iiia\ fi 
extracted by a reversible electro-magnetic engiru* in tho wkv hri wri- 
the plates. This gives 


This is independent of assumption as to the location r»f the \ rlf.i 
whether it is a surface affair between the metal and the siiriouiiiiin 
electron gas, or between the two metals, or both. The com ImamiN at 
therefore independent of special hypothesis. Finally* if ifn* di -fam 
apart of the plates is changed, thus changing the caj>acily* l»uf keepin 
temperature and charge constant, we have the luecTanic al work 


(f) 




Ifr 

dc - d(\ 

2 C- 


This is an immediate consequence of the familiar exprt-Hsiofi for fli 
work of collecting an electrical distribution from infinite nubdi^ i^aoii 
§p X pot. diff. (= I(pVc) in this case). 

We may also treat du as we have dW, writing 


du 




Substituting now above, we have 
p 








hh 


IS a perfect differential. This statement will give us three equ-itiuie 
because of the three independent variables, instead of only one et|ii,ifiot 
as m the examples of elementary thermodynamics, where we are iuti 
cerned with only two independent variables. 

In the first place, from the coefficients of ilt and dc, wc d.iain 


li 


whence 


a 

dc\t' 


(-) i 'll 

\dt J,oU, dtlt I2 + Vic jfJh; 


4 .'^ f 1 / \ 

2 c2 io dc to" 7 \ 5;rJ =7 I 
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giving 

f du\ ^ I p2 

But we have already seen that 


so that 



( 6 ) 


Therefore no heat is absorbed when the plates are moved with respect 
to each other at constant temperature and charge. This states a funda- 
mental assumption of electrostatics to the effect that charged bodies 
may be moved relatively to each other with no thermal effects. 

Secondly, from the coefficients of dp and dc we get 


A 

dc 


{7 C + + 


fiL^) 11 

\^P JecJfip dpll [2 C- 


+ 



which expands to 


or 



\ dc Jtp \dpdc)t c- \dpdc)t 



(7) 


which states that merely changing the distance between the plates does 
not change the Volta difference. We have not thereby proved that the 
Volta difference cannot depend on the distance apart of the plates; we 
have merely proved that such independence is a logical consequence of 
the statements that we made about the nature of the Volta effect. 

Formulas 6 and 7 are not given by Kelvin or Loren tz. 

Finally, we obtain from the coefficients of dt and dp, 


1 r 

dp 

Expanding, 

I / dhi \ 

i\dpdt)c. ^ 


{K 


du\ 

J pc 


dt 


I 

7 _ ' 


■ + V ba + 


(Yi\ 1^ 

v^p Ac J L' 








(dhcldpdt)c cancels. (dVBAldt)pc we may take as the ordinary tempera- 
ture derivative of the Volta contact difference of potential. Experi- 
mentally there is yet no evidence for a variation of V with p, and we have 
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but the thermodynamic distiucli,.,, I.tacm, ,l„. , 1 .™,., 
should not be forfotteu. It ndghl be l.mvcd ,.M„ rn,„.u,,ilK a. - 

later time that 7.a doee depend ... a. a.ul in Inc. Ihct.' i nn 

reasons tor expecting an effect of this naUun. I an, no, nan,.. ,l,n, 
very careful search has been made lor a vanala.n ol I «,.h ,e 

The only unknown now remaining in Hie ahuve rquati.m e. ..m . 
Under all conditions we have dit. = dQ ~ dll’. Now d the inupi r.i 
is constant, and the distance apart of the plates is rouitt.in! m 
stant), the only mechanical work is that whieli might In- g-'t mit ul 
electrical current when p changes, ami the heat ahstnlird to. thr 
involved in the transfer of electricity from om‘ plate to t!ie otlu i . V 
this for the moment as P/u', this being the heat .il.Miil.r.l «h,-n 
quantity of electricity passes from B to A . 'I hen 


\opJtc ' 


Substitute this above and we get 


"7 (It 


(IVab Pai/ 


This is the equation deduced by Lorentz ( 1 4) aiul Ki*l via i 1 4 1 . It 
be noticed that all parts of the system have been at the saint' ftan 
ture, so that during the cycle there have been no irrevt*r,sili!t* lit'af t 
fers, and therefore there is no question of the validity of tin* t oiirhi 
as there was in the case of the ordinary thermot'krtric t irriiif . K 
hoped that an experimental confirmation of this formula would itiakr 
probable the correctness of the ordinary formiiluH for llie ilita iiio 
circuit. In attempting the confirmation he at first ideiititied, a* 
naturally would, the heat Pba' with the ordinary Felfier heal 
This amounts to assuming that all the thermal effectfi involved i 
transfer of charge from B to ^ are to be found at tlie surf.it*r of Hrii.ii 
of A and B, Making this identification of with P, tlie rxprrin 
verification failed by a thousand fold. Now the* ordinary tir 
dynamic formulas hold within much narrower limits. So that not 


did this attempt of Kelvin’s to place the ordinary tht*riiic>ciy 
ng on a firmer basis fail, but in order to explain the diserep 
the new formula and experiment, he was driven to ptislithi 
of another surface thermal effect, in much the same WiO 
eviouslv postulated the existence of the Thomsoe 
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possibility of such a surface heat was also explicitly recognized by 
Loreiitz (14), after it was suggested to him by Budde (15). 

The new surface heat that Kelvin had to postulate was a reversible 
generation or absorption of heat at the surface of a conductor when the 
surface charge changes. So far as I am aware the existence of the effect 
has never been demonstrated ; in fact the papers of Lorentz and Kelvin 
seem not to be generally known, and apparently no serious attempt has 
been made to discover the effect. I shall return to this matter later in 
connection with a deduction of the same formula by a method similar to 
that of Richardson. 

Thermionic Effects. 

This is probably as far as we can get by an application of the two 
laws of thermodynamics to these two phenomena. Further progress 
demands different types of experiments from those contemplated in the 
applications above. Now this new order of experimental fact has been 
supplied in the last few years, in principal part by the work of Richard- 
son (16) on thermionic emission. In this work the energy relations and 
transformations are discussed when electricity is taken directly through 
the surface of the metal from metal to ether. In the previous work of 
this paper we have been restricted in transferring electricity from con- 
ductor to conductor to the staid and classical methods of motion over the 
metallic surfaces or through the body of the metal. We may now extend 
our thermodynamic processes to cycles in which electricity is transferred 
from one conductor to another through the surface and the surrounding 
ether. 

Richardson has developed by thermodynamic arguments many of 
the formulas connecting thermionic effects with those already discussed, 
but he has frequently made specific assumptions as to localized E.M.F.’s, 
and has further, it seems to me, confused or used interchangeably the 
thermodynamic quantities, quantity of energy, quantity of heat, and 
work, and has not sharply specified the conditions to which some of his 
quantities, notably the heat of vaporization of an electron, apply. A 
critical examination of his methods will suggest changes in his formulas. 

The starting point is the observation that at high temperatures all 
metals emit electrons, and therefore, when in a state of equilibrium, are 
surrounded by an electron atmosphere. The density of this atmosphere 
becomes rapidly lower at lower temperatures, but we assume that it 
essentially exists at all temperatures, and obtain what information we 
can from the fact of its existence. The density of this gas is so small 
under ordinary conditions that the charge it carries does not affect its 
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given a qualitative argument for this, or it nia\' by r.iMly picivcii by 
writing down the equations of equilibrium of a gas in whirh llu-io is a 
distributed volume charge proportional to the dfnsit\-, and finding the 
explicit solution for small densities. 

The process of a metal surrounding itself with an I'lirtnni afiiiusplu^re 
is analogous to the process of evaporation of a solid, and tlu^ saiiir tlun nio- 
dynamic arguments apply to it. Any purely electrostatic* action due to 
the isolation of the negative charge in the gas and a positive (‘liarKe on 
the metal can be eliminated by evaporating only a small f|iiantity of 
electrons, the electrostatic energy being proportional to tin* square* iff flie 
charge. Assuming now the perfect gas law, we first find tlir relafiifu 
between electron gas density and temperatures 
Clapeyron’s equation applies to this and gives 

dt tAv 

dp^ll^ 

where Av is the change of volume when l gm. of electnms e\api»rates 
reversibly, and H is the latent heat of evaporation. ProU'Ssor Hall Inis 
objected to the use of this equation, or the equivakmt one !>y Ricliardsoii 
(Eq. I, p. 28 of Richardson’s book), and has published a statemiuti to 
that effect in a recent number of the Proceedings of the Xat ioual Aimdemy 
of Sciences (17). He has later recognized, howeviT, tliat thr n!»jrcfiim 
to Richardson’s argument is not to be found at this stage, and is stating 
his revised position in a forthcoming note to the National Acadmnys 
Returning now to Clapeyron’s equation, since tlu* perfeii gas law 
holds, p = nkt, where n is the number of electrons per c\c., and k is tlie 
gas constant. The gas law now gives 

dp = ktd 7 i + nhlt. 

Av is obviously approximately equal to v, the volume of i gm. of i-kTfioii 
gas. Making these two substitutions in Clapeyron’s (‘fiu.itioii, wc get 

tv 

dt == ’^{ktdn + nkdt), 

which may be rewritten 



nv 


Now nv IS the total number of electrons per gm. of gas, and ht-nre It^nv is 
the latent heat per electron. Denote this by rt, and the e<iuaticin liefoines 

rjdt dn dt 
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An integration of this equation gives 

ryjdt 

n = (10) 

in which A is not a function of L This is the same as Richardson’s 
equation 7, p. 29, noting that his (p is the energy change in the evapora- 
tion of one electron, so that tj = <p + kt. 

It is necessary to scrutinize pretty closely the conditions under which 
the 7 ] of this formula is to be determined. Clapeyron’s equation, as 
used above, applies to an isolated system of metal with its electron vapor. 
We may imagine this system enclosed in a box provided with a piston 
working on the electron vapor, and so able to interchange work with the 
surroundings. The rj in the formula above is the heat per electron which 
must be communicated to the box from outside during the evaporation 
of electrons and accompanying motion of the piston at constant pressure. 
Now during this process in which an electron is evaporated, a positive 
charge is left behind on the surface of the metal, so that during this 
procCvSS the surface charge is changing. We may split v ii^to two parts. 
The first, is the latent heat which would be absorbed if the evapora- 
tion took place at constant surface charge. The second part of the heat 
is a heating effect due to the appearance of a positive charge on the 
surface; this is merely Lorentz and Kelvin’s surface heat. If we put 
Pa for tlie heat absorbed by the system when unit positive charge is 
imparted to the surface, we have 

7) 7]p — ePs, (ii) 

where € is the electronic charge, taken as a negative number. 

These results may now be applied to contact difference of potential. 
Imagine two metals A and B together in a region at temperature /, in 
metallic contact. Each metal will sourround itself with an atmosphere 
of electrons by spontaneous emission, and these two atmospheres will in 
general l)e of different densities and pressures. The gas equilibrium is 
maintained by an electrostatic potential gradient accompanying the 
pressure gradient. 'Notice that this equilibrating electrostatic field, 
for gases of small densities, is due to charges outside the gas itself. The 
ordinary gas equations show that equilibrium demands the equation 


flB 


(12) 


where €Vba is the work done against electrostatic forces in taking an 
electron from a point immediately outside 5 to a point immediately 
outside A, tia and ub are the number of electrons per c.c. immediately 
outside A and B respectively. 





^ * ';i..U 
lM,r r.t 
H, ni IJI 
4 I ■*>'•4 I ’ll 


Under ordinary conditions it is douiitftil win fii» ‘ ^ a** !. t 
ever reach equilibrium in this way, lu-cauM/ ilu- * nn n 
ordinary temperatures is so excess! \'t*h' sl« »u . I n a » i ^ m i i 

Richardsonitmay becompute(l that a splu'iv n! iiiiu, 1*11 1 1 

requires something of the order of ur’‘‘ yeais t li.u .4 it . li i 
of I volt by spontaneous emission of electrons j,i u t It 1 is. In- t 
sidered, therefore, whether the \nlta potential diiioifiit r ,f. mr.i.si; 
under ordinary conditions is the same as it would hv it 4 

a time long enough for the attainment of etfiiilihritiUi OMHdiiiMii'.,, ^ 
it is reasonable to suppose that the pottaitial .if fin- Miii.ii « 

metal and ether or metal and riietal are detcf miiH d i-lih, hv ii»; 
operative at the surfaces, little if any affedetl In ilo po 1 l ir lU 
electron gas outside. In a system of two nitiaiN in loiif i. t fhni* 1 
be jumps of potential at four {)laees; at the ifnee r . oi , p ii.il 

of metal-ether or metal-metal, and throtiglf tho rihoi Inawmi pi* 
outside the two metals. The sum of tlu* four dropt^ h /i im. I«4 4114* 
electrostatic field is conservative'. Three of tlm diop*^ an ilir .4 
probably, whether equilibrium is reaeiie*! or not. I hr t!i 

which is the Volta drop, is therefore also pnibablv ihr 441110 wlni 
equilibrium is reached or not. We may tfim*|oiv oiii ihm 

dynamic reasoning to systems in which equilitiriuin lu-. bmi .iffai 
with high probability that the Volta drop apiHMriiru in tin* i«aiinila 
the same as that measured under ordinary vinuUtUm-s. 

We are now in a position to obtain Id 1 *akiiiK loKaritliiir. uf 
equation (12) above, 


It A 


Substituting values of n 

r„ 4 ‘{ 


kt Hu 

C)g 


1 1 


f 


vii n.i 


kr 


li 


Now and As are independent of t, 
equation, 


Va — ris = eVsA 


lienee, (litiVrenfi.jfiitg dn- .tl. 

i HA 


dt 


It IS to be noticed that during this dtfTerentiiUi.ni .»!! tf.e nth,-, % id 
on which the quantities might conceivably <IciK,,d are m Iw k. ju . 
stant. In particular, if is possibly u function of the t„tai . haive 

the 7 ^“’ deiiHity cunsiant du. 
the differentiation, and dVsA/dt would become i„ 

previous deduction by the condenser method. 
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We may obtain another relation by taking a gram of electrons around 
a closed cycle between A and B. This cycle may be performed in the 
following way. Imagine separate enclosures about A and B, containing 
the electron gas, and connected by a pipe in which there is a piston 
(see Fig. 2). The piston is to be pushed toward the enclosure about B 
and withdrawn by the corresponding amount from that about A . This 
transfers electrons from the gas about B to the gas about A. During the 
process ol transfer of electrons from the atmosphere about B, through 
the metal, to the atmosphere about .d, there has obviously been no change 
in the surface charges on A or B. The latent heats of vaporization 



involved in this process will therefore be the heats at constant charge. 
Now the process outlined above is isothermal and reversible, and there- 
fore the total heat absorbed is zero. This gives 

VpA ~~ 'npli + BA + <2 ~ 

PjiA ivS the ordinary Peltier heat at the junction. Q is the heat absorbed 
by the gas per electron in passing under equilibrium conditions from the 
gas about A to that about B. In this transfer the gas remains isother- 
m«il, and pressure and potential change simultaneously as equilibrium 
demands. 

Now the analysis of the introduction shows that when a gas is dis- 
placed in this way in a potential field the mechanical work done by the 
pressures acting across the boundaries is zero. The first law of thermo- 
dynamics demands, therefore, that the heat inflow shall equal the change 
of energy. This change is composed of two parts, energy of position in 
the field, and intrinsic energy. But now the intrinsic energy of a gas 
does not change at constant temperature. Hence 

Q = 

We may apply our definition of E.M.F. given in the introduction and 
find the E.M.F. between two points in the electron gas outside A and B 
to be Vab- In this particular case, therefore, electrostatic potential 
difference, local E.M.F., and heat locally absorbed are numerically equal. 



The reason is that in this particular ca>c ti..n ,a . mtr 

energy of the electrons is a function ol t.-.uiM uoiur ..n,K . U.- 

prove later that this equality cannot lu.l.i m 
The Q found as above is the same as that wltii ii u.m!.! hr i.muii 
the ordinary formulas for a substance not i.i a tn !.! ..j 


calculation gives 




For a perfect gas this becomes 

r""# 


Q = - kt 


J 


PA 




But we have seen that the condition of ecptililniuiii in a ji..|. ii!ial Ik 


H ■ 

Substituting, 

Q ss 

as before. 

We would not be justified, however, In axHiiiiiiiiu th.ii llif 
formulas of thermodynamics are not afferled liv the |»t* tin** »» 
potential field. In particular, the work dunt' liy a 
isothermally against the prcvssures exerted it^ lifiund.iti* ^ 

when there is no potential field. We have just M-eii tlial flu > w* 
zero in a potential field. Work in a potential field ituii'lMir iimI 
to fpdv. 

Instead of saying as above that the heat ahsorlied dim il\ |i 
increasing the energy of position, we may, if wt* prrlrti dr‘ i lili 
phenomena by saying that the heat absorlied goes to tlir mta k ^ 
would normally be done by the gas in expanding cm I iif a fMiiiiilia! 
and that besides this work, additional mwk in reeeiied tin* 

daries when expanding in a potential field, whirli gorn to iin f ive 
energy of position. 

Now substituting the value found for () gives 


VpA VpB = ^{VbA ^ P|w). 

An equation similar in appearance was given by Ridiard^m* in 
VpA — yipB is replaced by (pA ~ (pB- He ol>tained flit* et|ii4fio 
identifying (pAj <pb and Pab with the local E.M.F/s, and Iiy disrrg* 
the difference between the heats of vaporization at camstaiil s 

density and with variable density. 

In a recent paper, Langmuir (i8), essentially following Rirlian 
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point of view, has also failed to recognize the difference between the 
heat of vaporization at variable surface density, which appears in the 
thermodynamic analysis, and the heat under constant surface density, 
which may be measured experimentally. Langmuir’s calculation of the 
magnitude of the heat of vaporization from the work done by an electron 
in escaping from the attraction of its image in the surface applies to 
vaporization with variable surface density, and not to the experimental 
conditions of vaporization at constant density. His argument for the 
probable non-existence of the double layer on the surface metal-ether 
would therefore seem to me to lose much of its force. This failure to 
distinguish between the two heats of vaporization would also seem to be 
involved in Langmuir’s formulation (on page 172 of his paper) of the 
distinction between a potential difference and an E.M.F. 

Combining the two equations (13), and (14), for rjpA — VPpB^ with (ii) 
gives, 

= Pba + Pa, - Pb.,. ■ (15) 


Now if positive charge is passed from the surface of 3 to .4 through the 
metal, as in the condenser analysis previously given, negative charge 
appears on B and positive on A , and there may be accompanying heating 
effects in three places, at the two surfaces of separation of metal from 
ether, and at the surface metal-metal. The sum of these three heats is 
what was previously called Fba- Obviously 


and we have 


Fba' ^ F BA P as ^ F jBS, 


dVBA 
^ dt 




(16) 

(17) 


which is the equation (8) of Lorentz and Kelvin previously given. As 
already stated, it would be more correct, until more definite experimental 
evidence is at hand to write dYsAj^t instead of dYsAldt. 

The deduction of this same equation by methods so different is pretty 
good presumptive evidence of its correctness. 

The equation corresponding to the above given by Richardson is 


dVBA 

dt 


== Fbai 


where Fba is the ordinary Peltier heat. The surface heats do not appear 
in his equation, because, as already explained, he has neglected to dis- 
tinguish latent at heats at constant from those at variable surface charge. 
Accnmino- P fnrrmilpi tn hp. corrert. we mav combine with 
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the formulas for a thermo-electric circuit, obtainini; tin- svliU-.u 

(IVab _ 

(it dt 


I'Ssmir.' 


This consequence of Richardson’s relation is fre.i.u-uily -uppoM-.i m h 
correct, 1 but obviously is not correct if there is a siu t.u e heat . 

The formula above as given by Riehartlsun has never luen veiiise 
experimentally. The failure of experimental veriticatioii luav vet v we 
be due in large part to experimental difficulties. Recent w..tk l ain 
muir (19) has shown the enormous effect on a metal surt.o e a lavei i 
adsorbed gas only one molecule deep. No experiments on this .ul'i'a 
have ever been made in which this layer has Inam remove.l. I’ejh.ii 
the most recent work is that of Comi)tun (20), in wiiieh theie is a l.np 
possible effect from residual gas, as he himsell exjilicitiv s!.!te-.. 1! 

experimental discrepancy has been reduced Ity this iati'st vvoik ol t 01111 
ton from the thousand fold of Kelvin to fifty fol<l. There i . st ill, lu avev e 
as far as the best experimental evidence goes, ample room (or the existian 
of the surface heat. 

In view of the important role which the (‘quation ot Kit lt.iidson pl,iv 
in the subject of thermionic emission, the (piestion of the evisteiire oi tl 
surface heat assumes considerable interest. A direct experiment, il .it t.n 
on the problem does not appear promising. A-s-MimiiiK in the mo 
favorable case that the entire outstanding discrepancy in the toimii 


dt 



is due to the hypothetical surface heats, tlu' rise of teinpei.iftire of 
conductor on imparting to it a surface charge may he compnti-d .ipprov 
mately. The greatest rise of temperature will he iiriHineed «m ih 
conductors, such as wires or foil. But under these comlitions the gre.iti- 
effect to be expected is entirely overwhelmed by the heating effect due 
the mechanical stress produced in the conductor by the mutu.d rept 
sion of the charges on the surface. (It is to be remarketl tli.it the 
above does not include this electrostriction effect, wliich may he m.n 
vanishingly small by working with large enough conductors.) 'I he he 
chance of detecting the existence of the surface heat is by an expei 
mental determination of dVaAldt, improving the vacuum conditions 
much as possible, or by a method to be sugge.sted later. 

Professor Hall in a recent paper (17) has stated hi.s Imlief in th<> e.xiHteii 
of the surface heats. He argues for their existence by giving sm h 
picture of the mechanism involved in a redistrilnition of surface charg 

^ See, for example, Langmuir, loc. cit., page 182. 
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as to make a heating effect seem probable. His conception is that at 
every point within and on the surface of a metal there is a dissociation of 
atoms into positive and negative ions, whose relative number is deter- 
mined by the mass law. A disturbance of equilibrium by the removal of 
electrons from the surface layer is followed by such a change in the 
surface dissociation as to again satisfy the mass law. This new dissocia- 
tion, it is most natural to suppose, is accompanied by heating effects. 

The introduction of the idea of a dissociation determined by the mass 
law is, I believe, a valuable addition to our stock of concepts of what 
may be taking place within a metal, and its application to the surface 
effects is one way of avoiding one very real difficulty. This difficulty 
is encountered in trying to picture the processes involved in giving a 
metal surface a positive charge. Let us suppose the surface initially 
uncharged, without surface layers. Then the surface may be given a 
negative charge by the mere addition of electrons, but to produce a 
positive charge, electrons must be removed from the interior of the atoms. 
These two processes are essentially different in character, and the last 
must almost of necessity involve a heating effect, which the first need not. 
There is thus a dissymmetry in the action of a positive and a negative 
charge which we are not willing to admit. The assumption of a con- 
tinual supply of positive and negative ions in the surface, as Professor 
Hall suggests, avoids this dissymmetry, and to that extent has intrinsic 
probability. Nevertheless the extension of the concept of mass action 
to a surface layer seems questionable, and I believe the difficulty can be 
met in another way. If we suppose the surface is covered with a double 
layer, the electrons being on the side away from the metal, then a negative 
charge is added by adding electrons to the outer layer, and a positive 
charge is added by removing electrons from the outer layer. There is 
thus no difficulty from dissymmetry. I prefer, therefore, to regard the 
ciucstion of the existence of this surface heat as still open, to be settled 
by new experimental evidence, but incline to the opinion that it does exist. 

We may now combine these thermionic formulas with those of the 
thermo-electric circuit. We introduce the following new quantities in 
addition to those already considered. 

Sae = potential jump at surface of separation of A and ether, 

Sbe = potential jump at surface of separation of B and ether, 

Sab = potential jump at surface of separation of A and B, 

= E.MJF. at surface of separation of A and ether, 

'^BE = E.M.F. at surface of separation of B and ether, 

2;^^ = E.M.F. at surface of separation of A and By 
fT J ^ Thomson E.M.F. in A. 


(tb' - Thomson E.M.F. in Bj 
0 -/' = Thomson potential gradient in A, 

(tb" = Thomson potential gradient in /'. 

It may of course be questionable wlunher their i . am f . At 
surface of separation of A and etlu‘r, and it aiiv awhi 
improbable that the surface action can In* irpir-aiifrel In 

E.M.F. It may be, however, that part of the .uiuni in 
representable- We denote this part of the action In' ilir leffris .iln 
and find what conditions it has to satisfy. 

With regard to the Thomson potential gr*itlietif if l*v niipinm 
that this is entirely different in character fnan the -an fair iuiii|is 
or Sab- A jump of the potential at tlie stirlace mn --‘aiilv im itUi 
double layer at the surface; the jump is entirely deii'uiiinrd In 
double layer, and is unaffected by charges i^lsinvlici e. 1 lie ran tace ji 
is therefore probably determined by forces at itu’ ‘4ii tace. wfiicli 
probably characteristic of the surface and indepeiitinii *4 the .tali 
other parts of the system. The Thomsem potential yiailiiiic : r , 
potential gradient in an unequally heattti mt4ali is, lumrwt, alfri 
by the distribution of charge throughout tlie systeiin aii*i tan tlino 
be characteristic of the system only under specihetl ctmilifitais. \\ ,% 
in the following understand by the potential giattiian in lipm t irt 
The Thomson E.M.F. and Thomson heat an% tm file oihoi Iiand. pi 
ably determined merely by the local forces, indepemlently of utlirr |i 
of the system. We shall assume then t(» Ih‘ of this tlniiai fn in 
following. 

We now have the following equations; 


Vba = ^ {rjpA 




Vba — Sae — ' Sbm 4 ” Sma* 

Vba = '^Ajfc — 

These three depend on the fact, already proved, that in the t h etn 
potential difference, E.M.F., and heat are locally ec,„al. The..- 
equations are obtained from the isothermal system In- de.se, it, 
closed path out of the ether into B, across the surfaci* of sepa 
0 .6 and A, out into the starting point in the ether. Uy dcs, ,ii 
closed path entirely within the metal, maintaining now the jundi, 

and B at different temperatures, we may obtain the following 
additional equations 
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dEs A 

dt 


d^BA 


+ O-b' — CTa^ 


(21) 


dt 

dEs A 

dt 


dP ba , 

~dr + 


dSBA 

dt 


A- ^ ff " 

“h ctb — cta . 


(22) 


(23) 


The last of these is the expression for the difference of potential between 
the ends of A and B on open circuit, assuming that the E.M.F. of a 
thermo-electric circuit is the same on open and closed circuit. This is 
matter for experimental examination; I do not know how carefully this 
examination has been made. Certainly the equality of E.M.F. on open 
and closed circuit is usually assumed without question, and in the absence 
of experimental evidence to the contrary, we shall make the same assump- 
tion here. 

We also have the additional equations 


P BA __ dEBA ___ dVB A X 

' df dt t 


(24) 


Now differentiating (18) and combining with (22) and (24) gives 


dr)pA 

dt 


I ^ ry , 

-h r ^ctb 


dvps 

dt 


iPjiS- 


Similarly (20), (21), and (24) give 


d'^AB , ; Pas d'hsE . , P bs 

+ - y = +<^B - 


and (19), (23), and (24) give 


dS^E n P dSjiB . ,, 

+ <rA --:r=Af + <rB 


dt ' t 

Hence we have proved that 

eP, 


dvp , 


t 


d^E , , Ps 

hi + “ T’. 


and 


P BS 

t * 

dS, 




(25) 


(26) 


(27) 


Ps 

t 


are all independent of the metal. 

We may now obtain the universal value of dTjJdt + go- — eP^jt by 
an argument similar to that of Richardson. In this deduction we shall 
assume that the irreversible processes going on at the same time that 
we describe the various cycles are without effect. 

Surround the two ends of the bar at difference of temperature by two 
chambers to contain the electron atmosphere (see Fig. 3), with pistons 
as shown. Electrons are first to be conveyed from one chamber to the 
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other by operating the pistons as shfHvn. 'riifi v , !,- thm i . i.. !.,• i <i 

pleted in two steps. First, operate on tlie traii>lfMr'i K'' ■ un.it s 
F + AF, allowing it to expand to teiiipiT.ttuic / .uid i.. ih.it pi. ,sii 
P + A^', which is in equilibrium at / vvithg.i.s at pn- .-un- /■ .it .1 p. .icn 
F. The second step consists in the traitsler nt u.i:, .it >. ii,.m 1; 
and p + Ap' to F and p. During this seemid step I .uul /> hall < h.n 
together in such a way that they always li.ive the i.iiiit)!!.ine..U‘, v.tl 
to be found in an isothermal gas in etpiilili- riiini i-\teii(iiiu;!i<t!!i /*, f 



P + Ap', V + AF. To the first of these two step> .ill the oMlin.itv 
rmulas of thermodynamics apply, l>ee:iuse the pi ‘iH'rss i> ilrss'rihi'ii 
constant potential. During the second [iroeess, however, the poietn 
is changing, and all of the ordinary formulas do not applv. In p 
ticular, we have shown that the work cannot he eoinputeil in the tegn 
way, but is zero. We have, however, shown that the heat alr.oihed, .1 
therefore the change of entropy, is not alTeeted hy the laet ih.it 
process is described in a varying potential field. Thv ehaiiKe of enti. 
may therefore be computed for these two steps together in the jegn 
way, and therefore is independent of the precise way of p.e.ditK in 
the initial to the final state. 

Applying the second law to the cycle now gives 


IVp 

e t 




At^ i 


i + - 


t + Al 


+ 


I tip o, 


where /# is the change of entropy of the gas per .-leetron on 
earned from (t + At, p + Ap) to (f, p), and nu.y U- computed h 
ordinary thermodynamic formulas. Now 


dyj/ 
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For a perfect gas, satisfying the equation pv = kt, 


and 



where 7 is the ratio of to C^. Hence 

Substituting in the equation above and taking the limit, 


i €7 — 1 if e p dt 

But we have already found that 

^ da ^ ~~ 

p dt kf kf 

Hence the desired relation 


dvp eFs 


Instead of this equation Richardson gives 


dip 

dt 


“h 6cr = 


(28) 


It differs from that deduced above in the absence of the surface heat. 
Richardson uses the value of <p as given by this equation to get the 
thermionic current. His formula checks with experiment, but is of such 
a form that only very wide changes in the form of (p could be detected. 
Thus, using the value he gives for 9?, there is a factor in the value of 
current (formula 17, page 33), but he states later that equally good 
agreement is obtained if a factor t^"^ replaces f. Richardson’s data do 
not, therefore, afford a check on his value for <p. The neglect of the 
surface heat in Richardson’s equation would therefore seem to be inde- 
fensible, and until the order of the effect is known, we cannot tell whether 
Richardson’s equation is even approximately correct. It is to be noticed 
that Richardvson’s formula would become the same as that developed 
above in case Pg should be proportional to t. The (p of his formula 
must then be understood to be the change of energy on evaporation at 
constant surface charge. 

We may now obtain further information by applying the first law to 



the cycle, writing total work done in the .miii.l.!,- , v, , 

absorbed. Work is done in the cycle when i!.e pi .i,.„ i. .h.-.’JT'u,, 
right hand chamber, when it is pulled out fnna th,- ‘ ", 

and when the gas expands in the finst a( the lu,. in,.., " 

above, but no work is done in (he .second ..t d,.- lu., ,i, 11 
absorbed m all of the operations. The first I.iu ci v 




where 




/“ ft')'" I r 

r f^f) r (<>v\ 

Ta.1 « ), I, J Vs,),.'" 

r'^‘^^'fdW\ m,' /.,„v 

1., "{ss),''i' 

r f^Q\ r 

^t+AiX ~ J ^ 

r^^'(dQ\ /,..V 

4?+Ap \ dp ^ ^ I M ) i/p 




Substituting these values, the left-luuui 


•i/' .A/*' 


0 


But we found that 
Substituting, 


"I 


«ide c.iiH-el.. our. le.t 


V sue 


di 


t 


(It 


ky 

+ «o- - 

at y _ 


dV_p^ 

dt ~ f 


This equation was also obtained hv r 

different method. Ti.reut/ u,p) j,y 


^ectrons from hot to cold n-.vuI.Hiou o’, r 

Ae Volta difference which wouki L dv This 

that the emission of eleef-r^„„ __ .. ;.’'’‘-'''wd at teniper.tHueH so ] 


•"a. the d., 

p-ne 


At temperatures so high that eleer 

“ ”« .0 „p« 4 a): ™ ::r" i* « 

electron vapor i.s i„ e,,uihTn«,u u i 
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an unequally heated metal, but there is a possibility that electricity may 
flow in closed circuits, as shown in Fig. 4, through the electron gas and 
the metal. I am not aware that the existence 
of such currents has been detected or sug- 
gested. If it should happen that such cur- 
rents do not qxist, we may obtain an addi- 
tional relation. The electrons spontaneously 
emitted by different parts of the surface must 
in this case be of such densities as to be in 
equilibrium under the potential gradient given by dV/dt = Fs/i. This 
gives, together with (9), 

JL - _ 
kt- kt dt ’ 
or 

Vp - ePs = - ePs, 
or 

Vp = o. 

Now this condition is almost certainly not satisfied, so that it is exceed- 
ingly probable that closed circuits like those indicated do exist in an 
unequally heated metal. 

Having found the value of dVjdt, we may now find the universal value 
of d’Ztj^jdt -f- <t' ~ Psii ^nd dS^jdt + cr" ~ We may obtain the 

latter immediately by noting that the total change of potential in a 
closed circuit is zero. This gives 



Fig. 4 . 


Substituting for dVIdt, 


d^ 

dt 


-f- O''" 


d_^ 

dt 


+ <r" 


dV 



(30) 


the desired relation. 

Next to obtain the value of dh^ldi + v' — Psit, we may write down 
the expression for the total E.M.F. encountered in going from the electron 
gas surrounding the metal at t, through the metal, to the electron gas at 
t + At. Our definition of E.M.F. is total change of energy plus work 
delivered to outside agencies. The change of energy of the electron 
gas is an intrinsic change (= kAt) plus the change of electrostatic 
energy (= eAV). The work delivered is dldt-{pv)At. Hence 


dl'E . 1 

Y-^At + .'At\ = 


«AF + hAt + ^ {pv)At. 


Now 


= kAt. 




Hence 


d'^s 




dV 
' dt 


or 




dt 


» .i. J 

■ "T <r 


t 


li- 


the desired relation. 

It is to be especially cmpha.sizod (hal ihf iniin .a tin- i.-timil 
obtained essentially modilies the point of vii-w luthn i.. tn.unt.iint <1, 
position up to this point in thi.s juipcr has i>i-cn on,- 
have been obliged to retain separate eKpres-ioiiN i<a I .M ( . 

and potential difference because there seeiueit no m-n , it\ ih.tt 
should be e*qual, although such etiuality i.s tiHti.illv .i .uiui d. lit 
the fact that the formulas obtained for 


di?p , iPs 


(it 




! ‘ 


aiit! 




are of different form constitutes j)ositive pmof f!uil Im* .il ! .M 1 , 
and potential difference cannot l)e nuitually <h|U 4I, and lliai ilir a* 
tion of such equality is in general i)ositivi*ly iiicnrin f, l lir 
can be valid only in certain special cases, as in aii eln iinn i'.r* 

Richardson has frequently set local and IihmI firai rq 

each other. This is in general incorrect, hut will mil iin*- ..tii! 
to error in those processes in which a complete evcle dt-v.^ lihrd. 

Accepting now as proved that in general hral heat, pMimiia! 
ence, and E.M.F. cannot be mutually e(jual, we will, iit flir iie\l 
deduce additional relations between them. 


The Generalized Vot.ta I.aw t>i* 

In a complete circuit composed of three met^ils in ei|titlihi'i 
uniform temperature we have the following four relaliiue.: 

Vab + Fiic + Ff4 o 
‘S'aB + Sue + St\i » o 
^AB + "^BC + ^04 “ o 

PaB "i" P BC + Pc A » o. 

The first of these is a statement that the total changt- in t-I.-t tn 
potential m a closed path outside the metals is zero; the M-nmd 
same statement for a closed path within the metals; the third 
that the total E.M.F. in a circuit in the metal is zero; ant! the 
that the total beat absorbed in a cycle by electricity is zero. Tl 
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two are a mathematical consequence of the properties of an electrostatic 
distribution, and the last two are a consequence of the law of the con- 
servation of energy, because in a system of solids all at one temperature 
there is no permanent source of energy. It is not possible that these 
relations should not be satisfied; the system must of necessity so adjust 
itself that they are. 

Of the four relations above, the first is the ordinary Volta law of 
tensions. The point of the Volta law is not that the laws of electrostatics 
or of the conservation of energy are satisfied, but that each of the quanti- 
ties in the above equations, Vbc for example, depends only on the two 
metals B and C, and is unaffected by the presence in the circuit of the 
third metal A . The proof of this fact is given by experiment. 

Of the four equations, the quantities in only two of them, the first and 
the last, are susceptible of direct observation. It is proved experi- 
mentally that Pbci for example, as well as is independent of the 
presence in the circuit of the third metal. Therefore the Peltier heats 
satisfy the same conditions as the Volta difference of potential. 

By the '' generalized ” Volta law of tensions we shall understand 
the correctness of the four equations above, and in addition a statement 
that any of the four types of action at the surface of two meals is inde- 
pendent of the presence of a third. 

The quantities entering the second and third equations above are not 
directly measurable, and it is therefore pertinent to inquire whether 
the generalized Volta law holds; that is, whether Sbc, for example, is 
independent of the presence of A. The answer to this question is yes. 
Although a direct experimental proof is at present impossible, a theoretical 
proof may be given, because of certain relations holding between S and 
2 and V. 

It may be proved mathematically that the ordinary Volta law as 
partly expressed in the first of the above equations demands that each 
of the quantities may be split up into two quantities, each depending 
on only one of the metals at the junction. That is, it is possible to 
write Vjic = Fc Vb, where Vb depends only on the properties of 
B and Vc only on those of C. This analysis is physically significant 
because it represents the action at the surface of B and C as the joint 
result of independent actions by B and C, each unaffected by the presence 
of the other. The proof of the generalized Volta law will be given by 
similarly splitting each of the quantities above into the difference of two 
quantities, each depending only on the properties of one of the metals 
at the junction. 

This analvsis is immediately effected from the expression for Vab- 
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We have 


Whence 


and we write at once 


li 1. 1 

^ Ait — - ' Itn; 

t ' n 


AN - in I t. 


Rt - -- io: 


It is to be noticed that this analysis is n..f \\ ,, 

write, for example, ^ 


r. AT 

Ia--- Ini^p 

which differs from the above by a ouan 


.. . - ■* qiiatititv iii.il ijru.lrni . 

depending on the temperature 

(.sMr^rjdTof 


— Vffji + ~ 




J>. ~ > 

__ 


Sba ~ Vba - S\t- 


AA‘ + •S,,.. : , ,V 


in: .S) Sn. 


logwa -■ .V, 






With regard to the last two it is to h, -i . 

conceivable that and 2 sho, n 

-etal, b« .?ap" t 

Msumpoon, this analysis shows that the'" ' ( ....mi 

applies to the unmeasurable oufntv f ' 
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our definition of impressed E.M.F. between two points 


whence 


^'^AE — — etlA “h €5*^^ + ktf 

'^AE = — Ua SaE‘ 


(40) 


No simplification of the formulas is obtained on replacing 2 in terms 
of u. For theoretical discussions of the electron mechanism, however, it 
may be preferable to make this substitution. 


The Effect of Hydrostatic Pressure on the Volta Effect. 

The condenser analysis by which the effect of temperature on the Volta 
effect was determined may be modified to include the effects of hydro- 
static pressure. The system of two metals A and B shall be characterized 
by the following variables. 

t — absolute temperature, 

p = positive charge per unit area on A (as before there is an equal 
opposite charge on B), 
c = capacity per unit area, 

TT = hydrostatic pressure per unit area on the plate A (the symbol 
TT is used for pressure to avoid confusion with p, the vapor 
pi'essure of the electron atmosphere). 

There is no essential restriction in discussing the effect of a pressure 
applied to the plate A alone. After the formulas for this case have been 
developed, the effect of pressure on B alone may be found simply by 
interchanging the letters in the analysis, and then the effect of inde- 
pendently variable pressure on both A and B by adding the two effects. 

The following dependent variables are to be discussed : 

Vba = Volta rise of potential on passing from B to A (see previous 
discussion for more detailed specification) , 
u = internal energy of system per unit area, 
dW work done by the system in any infinitesimal change, 
dQ = heat absorbed by the system in any infinitesimal change, 

V = volume of A per unit area. 

Now, as before, we must have {du + dW)lt an exact differential for 
reversible changes. We have 


and 


dW ~ dt + ~ dp + "~z dc + -r~ dir 

ot op OC OTT 


du du du du 

du = — dt — dp + — ar + 7" 

ot op OC Ot 


We are able to completely calculate dW from our knowledge of the 



mechanics of the system. have 


dW ^ Ov 
"m in ’ 



all' I r , 

= “• '•- + r 


dW dv 

=5 r , ■ . 
dir dir 


Substituting above, 
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t 




- + T), , I 


ilii 


|fl#i 


+ 



4“ w 


(if 
(I IT 


(III 

Ik 
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i » «; * ^ 


must be an exact differential. This will it4 six irldirin . ! 
the coefficients of the six possilile pairs «»f ditlnvnlial^. 

The work for finding these tierivati\es is riilinly ?ai,uyTtt 
only the results need be given hens 
From the coefficients of dl and dp, 


dV,A 

di 


I (X ) I 

‘ ' ” sz 

t ()p t 


Ptn. 


From the coefficients of dt and dc 


From the coefficients of dt and dtr, 

^Q. 

dr ^ 

From the coefficients of dp and dc^ 

I aF/M 


t dc 

From the coefficients of dp and dw^ 


ilV 

dr 


o. 


aF/M __ Bv 
Bt ’Bp * 

From the coefficients of dc and dr, 
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Of these six relations the three which do not Involve dir, (41, 42 and 
44) are the same as those obtained by the previous analysis, except that 
the partial derivatives now involve the condition of constancy of x, 
a variable which did not enter in the previous work. Of the three 
remaining relations, 46 states that there is no change of volume on merely 
changing the distance between the plates, and 43 gives the ordinary 
thermodynamic relation for the heat absorbed during a change of pres- 
sure, it now being necessary to add the conditions of constant p and c 
to the ordinary condition of constant t during change of pressure. The 
remaining relation, 45, is the only one of the six which gives any essen- 
tially new information. This equation expresses the change in Volta 
difference between two metals, when one is subjected to pressure, in 
terms of the change of volume of that metal when unit positive charge 
is imparted to it. This change of volume is not an electrostriction effect, 
which varies as p- and depends on the shape of the metals, but is to be 
thought of as the effective volume of the electrons added or subtracted. 
There seems to be no experimental evidence for even the order of magni- 
tude of dv/dp. 

Within the range in which dv/dp may be regarded as constant, this 
formula gives the Volta contact difference of potential between com- 
pressed and uncompressed metal. 

dv 

Vow = • ( 47 ) 

The formula 

dw dp 

may also be obtained by considering the effect of hydrostatic pressure 
in A on the pressure of the electron vapor in equilibrium with it through 
a stress resisting membrane. The formulas to be applied are well 
known ; they may, for example, be obtained as special cases of formulas 
which I have given in a previous paper (21). The applicability of such 
formulas to such conditions as these becomes at least questionable, 
however, when one calculates that the density of the electron vapor in 
equilibrium with tungsten at 0° C., for example, is such that there is 
one electron in a sphere of radius 350 light years. The method of analysis 
used above makes no reference to the electron gas, and leads to the same 
results for those quantities not directly concerned with the vapor. 

Effect of Pressure on Thermo-electric Properties. 

A certain amount of information may now be obtained regarding the 
effect of pressure on thermo-electric properties other than the Volta 
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effect This may be obtained from the fnr.nul.s pM-vnn.dv 
taking as the metals A and B the same metal in tu.. stat.-., u „h,u,t 
pressure and the other with it. The same dmible snb.enpt mm.t.nn 
before may be used. Thus denotes the i^ntmtnd .,mup >n 
within the metal through the surface separating mu-.m.|nes..,-,i .uei.d 
from metal compressed to the pressure t. 

For the Peltier heat in pa.ssing from unn.mpresM'.i m eMinpiess.-,! 
metal in terms of the E.M.F. of a cmipU- eompoM-d of uuemup.vsM.,! 
and compressed metal, formula 3 R'ivfs 

(It ■ 


P„, = t 


For the difference between the Thomson heals in tin- eompo 
uncompressed metal, formula 4 gives. 


ifH) 
1 .md 


(To = t 


,iti 


to) 


For the effect of pressure on the <Iensity of an rlrction g-e. in fijnilili. 
rium with a compressed metal formula 12, <'(imtiinftl willi lotnml.i ,(7 
for the Volta difference of potential between eutnpre’.M'il and nm mn- 
pressed metal, gives 

1 Su ( tlv 

— ”« — ss — I 

n dw kt (Ip 


For the effect of pressure on the latent heat of va|Hiri/4ti»»ii n| rlrr« 
trons under variable surface charge (total cluirgt* on nirtal .uni in the 
gas remaining constant) formula 13 gives 


Vn 


Vo - 


^ di 


'51,1 


For the effect of pressure on the latent heat of vapori/alioii a! rTai a.tiil 
surface charge formula 14 gives 

Vprr - V = 

For the effect of pressure on the surface lieat, we troin ii .iiid 
51 and 52 

5.11 


Of the six quantities treated in the la.st six (*<niatioiis, ihr iii u two, 
namely the effect of pressure on Peltier and 'riiom.son li.tvr 

determined experimentally (i) from measurements on a " ptf'isiin- 
thermo-couple. The last four, namely the effect «tf presstin- on fits iron 
gas density, the two latent heats, and the surface heat, cannot at t>t«-Neiit 
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be determined numerically, because they involve the ''pressure ” Volta 
effect (Vo„) in addition to the " pressure Peltier heat (Porr)* A deter- 
mination of the pressure Volta effect, in addition to present knowledge, 
would give immediately all four of these quantities. Of course there are 
relations between the effects of pressure on these four quantities which 
may be obtained by eliminating Vq^ and Fq^ between the several 
equations. 

In addition to the pressure effects 48--53, we may also obtain expres- 
sions for the effect of pressure on the various potential jumps and surface 
E.M.F.’s, but these can no longer be determined in terms only of Eq„ 
and Fottj but involve an actual determination of some potential jump or 
surface E.M.F., which we are not yet in a position to make. 

For the potential jumps, formula 19, gives 


(5.^; - = Fo.. 

For the surface E.M.F.'s, formula 20 gives 

~ = Fo,,. 

For the Thomson potential gradient, formula 23 gives 

ft ft 

~ dt dt ' • 


(54) 

(55) 

(56) 


For the Thomson E.M.F., formula 21 gives 


— CTO 


^^Ott __ 

dt dt 


( 57 ) 


Formulas 28, 30 and 31 give nothing new when applied to pressure 
effects. 

With regard to the quantity (= “ T-dvjdp), we can possibly 
obtain an idea of the order of magnitude within 100 or 1,000 fold by 
assuming that all the change of volume on imparting a charge to a metal 
is the volume of the electrons added. Assuming that the radius of an 
electron is 1.8 X this gives for a lower limit 

dv 

— = — 1.7 X 10"-^^ c.c. 

dp 

per coulomb. This is so excessively minute that the actual dv/dp is' 
probably forever beyond the reach of direct observation. 

In view of the extreme smallness of the probable effect of pressure on 
the Volta potential difference it is natural to inquire whether we may not 
neglect this effect in comparison with the directly measurable Pott, 
and so obtain an approximate idea of the order of the effect of pressure 
on the quantities given in equations 50-53- It turns out that this is 



probably not allowable.* The oxperinu'iital tl.ii.i Imi riiM!\ iMit ninu^ 
for example, the value 1.5 X for the efitvi nt 1 | *ir . ijn - mu the 

Peltier heat. For most metals, the (‘ffed is flir r.n|i 1 m| m 
greater, or 100 times the volume effeet as faituliiril Iimih i 1 |^, 

volume of one coulomb of electrons. In vii w, imut \ t 1 , mI ilit t 
uncertainty in this latter value, I dtJ not iH'!ic'\r a iii 4 fi;iii ,4 
fold is sufficient, and that we would he jiistifuil in la kjis linr i!im 
of pressure on Volta effect in comparison with tliaf t»ii Prlfin hrat. 


Effect of Melting or Cuan(;k of SrATF n\ lyi \ mi 1 \ i‘«Mi \ ii\L 
Difference and TuKHMo-FLia nor Pin xmmi w. 

The Volta difference of potential hetwtHai a iiieia! in fwi» .i.itrs df 
aggregation, as for example solid and lic|uid, ma\ hv fiaiinl !i\ a .!i|.j|| 
modification of the preceding condenser analvsi-^, rhi'. inav hr dt*m* 
by choosing for the independent variables /, p. i and vuluiiir. msirad ui 
t, p, c and pressure. The details of the work aw the saiiir a . helore. 
Six differential relations are obtained as before. ’Ihe unl\ rv.rntiaily 
new one of these is 


/ dVjiA \ / (iw \ 

V )i. 
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If this equation is applied to melting or other i banyr of stair, wr have 
the statement that the change in Volta conttUl tlilfrtenii’ f*t poftiitial 

between B and A when A melts is equal tc. (lu« t l,au«<- uii 

melting multiplied by the change in the rneltiuK prrsMur ut .1 whm 

unit quantity of electricity is added to (he exterioi mu fa..- A at 
constant temperature, volume, and capacity. In virtue ..f ih,- \-ult., 

law of tensions, this becomes, if we denote the two j.h.iM-s hv miI.m lipts 

I and 2 , >1 


1^21 = (Hi — Pj) 




^ I’*’"'* If"’'-,* 

on The f It Prnbabl.. th.., , h.ugc 

and LlidTt“-T equilibrium conditions betwe.-u liquid 

at suchl - the metallic mass, for there is uo eleetri,. Held 

ia u ^ po.ssiblc, however, that a surf.u c t fi.tree 

See oH '1: , 

than The I, eS 

«iaifya.ahi,h;"eTTir;t’,ht 


THERMO-ELECTRIC AND THERMIONIC EFFECTS. 347 


We may obtain partial information as to the effect of a change of 
state on the other thermo-electric and thermionic quantities by using the 
subscripts A and B of the first sections of this paper for the same metal 
in two different states of aggregation. The work is exactly similar to 
that of the section on pressure effects, and a series of formulas would 
be obtained parallel to 48~57. 

Very little experimental work has been done in this field. So far as I 
know there are no measurements of the Volta potential difference be- 
tween solid and liquid metal, so that there is no way at present of telling 
the order of magnitude of certain of the quantities in the above equations. 
Experiments have been made, however, on the thermal E.M.F. of closed 
circuits in which one of the metals passes through the melting point. 
There has been considerable disagreement about the facts, but the latest 
work (22) seems definitely to establish that there is a discontinuous change 
in the direction of the E.M.F. curve on melting. Attempts have been 
made to deduce from these data information as to the behavior of the 
Volta effect, etc., but all such attempts have involved some of the 
special assumptions about equality of local E.M.F.’s, heats, and potential 
differences which we are unwilling to admit. 

Hitherto the electron theory has been unsuccessful in explaining the 
effects on melting, in most every case giving the wrong sign to the effect. 

The Jefferson Physicae Laboratory, 

Harvard University, Cambridge, Mass. 
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An Experiment in One-piece Gun Construction 

By P. W. Bkidgman,* Cambridge, Mass. 

(New York Meeting, February, 1920) 

During the war, the Navy undertook the construction, under my 
direction, of an experimental gun embodying features designed to lessen- 
the cost and time of production. These experiments were initiated af fcer 
representations as to their desirability had been offered by myself, by 
the Naval Consulting Board, and by the National Research Council. 
The first drawings were made in June, 1917, and the experiment was 
completed in November, 1918. 

For the sake of clearness it will pay to recapitulate briefly the funda- 
mental idea of gun construction. It is well known that if a hollow cylin- 
der is subjected to internal fluid pressure, the maximum stress occurs in 
the inside layers, the outer parts carrying much less than their due share 
of the stress. This inequality of stress is more pronounced the thicker 
the walls of the cylinder. If such a cylinder is pushed to the elastic 
limit, failure in elasticity will take place long before the outer layers have 
reached the limit of their capacity. Economical use of the material would 
demand, however, that all parts of the cylinder reach the limits of their 
capacity simultaneously. This may be brought about, at least in cylin- 
ders of not too great thickness, by producing in the inner layers an initial 
compression, and iti the outer layers an initial tension. The effect of 
internal pressure is at first to relieve the compression of the inside layers, 
while increasing the tension of the outside layers. If the initial stresses 
are properly distributed, all parts of the cylinder will reach their elastic 
limits simultaneously, thus giving a cylinder of maximum strength for 
its weight. 

In gun construction as hitherto practiced, this initial distribution of 
stress is produced either by winding the inner iube with wire, a common 
English practice, or by shrinking hoops over the inner tube, which has 
been the standard American practice. Either process is long and 
expensive, particularly with the larger guns, 12- or 14-in., which require 

* Professor of Physics, Jefferson. Physical Laboratory, Harvard University. 
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seven or eight hoops at thobnuTh, orn-lt m' ivhi.'h jiiu • i.i i j s. t.iii. .iinsidi. 
and outside to one or two thousamiihs of :m iiM-h 

There is another possible luethoil of itroiiiii iiii' th. d. u. ■! miiruu! 
compression. If a heavy eylindor i.s .‘iiroSi'hi ii i-on i.j, i it !', !» iig 
elastic limit, the inner layers How and fheontrr ho, . r-. r, n .-h i 
stretch. On release of pressure, the outer Itiver-. 'diriiil. hi.!.,,*! ? h. innrr, 
producing an internal compression, and. of eouiNr, .ho eiiinlihniUsii,; ti-n. 
sion in the outside layers. If now jU'e-sstir.' d it will hefusnul 

that the elastic limit has been raised to the ju'evioUN iir.-Msure. 

It is possible to raise the limit in this way lo two or ihr*-.' iuji. -, thr v.diie 
as calculated by the usual theories. This behavior of e<, luid- ni under 
high internal pressure wtis demonstratetl evpi rino iitjdlv, aiei iia.'4 fieen 
eontinually used in the conatruethui td appar.’if u.-i for mv luj-h iUesHure 
experiments at the Jefferson I’hy.sie.nl Labor.ntory. sim-.- loui'., in flow 
experiments I have accurately mesmun'd hydrost.Htn- pr-o'uu- fi a- high 
as 300,000 Ib.persq. in. (21,000 kg. per sij. em.), pri^eiun ■: wbieh ttoiild 
have been unattainable except for this behavior <>i t!u» k i‘vliiid> r.! alien 
stretched beyond the clastic limit. 

The entire subject of the streas-Htrnin relations in loeta! strained be- 
yond the elastic limit is at present beyond the reaeh of ih.on for in- 
stance, if a heavy cylinder is pushed to eventu.-d rupture f lie miek rtartii 
at the outside instead of the inside surfaee., so that n i < not pionide in 
compute exactly the distribution of stress in a eybnder ntr. teb.-d as above, 
but approximate theory indicates a distribution of r.■•r•» luueh !ik.' that of 
a built-up gun, and it is obvious at any rate that at the umviuinni pres- 
sure all parts of the gun must be pretty near the lindt of their ^•;l^laeity, 
The application of this laboratory method to gun eonstnn'lion wji# 
obvious, and I had long had it in mind.' The proeedure is to start with 
a smgle forging of approximately the dimension.s of tlo- finished gun 
subject it to internal pressure (in one or more stages, depi-nding on flu 
external sha,pe) high enough to stretoli it permanently, and tlms rais. 
the elastic limit by producing a comprt'S.sion in the inside layers and a 
teMion in the outside layers, and then to machine it to final dinienHions 
e pressures expected for the sterds of ordinary gun eitnsfruetion woiih 
be of the order of 100,000 lb. per wp in. (TOHO kg. per s.p em, *. T!» 

firing pressure of a large gun is of the onier of .HO.fMH) lb. per so. in, c 2 Hi! 
kg. per aq. cm.). 

-a cT raising tin 
applicatiiin o! 
eigbt«‘enth eeii 
r»'l through tin 
dating bark ft 

'PAil. Mag. (July, 1912 ) 24, 78. 


On exa^ation, it appeared that the fundamenfai nl. 
e^tic limit by permanently stretching with an internal 
high pressure was very old. The Austrians triisl, in the 

hZ’ by forcing a steel expanding mami 

bore of the gun; there are English and French patents 
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the 1870^8, and in this country there are the Emery patents between 1900 
and 1904. There is also a theoretical paper by Turner. ^ None but the 
Austrians, however, had attempted to apply the idea in practise, and this 
fact was doubtless partly responsible for much of the scepticism as to the 
correctness of the fundamental idea that was felt in various quarters. 
The probable reason why the idea had not been practically applied was 
the technical difficulty of making packings leak-proof at the pressures 
required. In my experiments, however, I had developed a technique 
by which pressure could be controlled up to the limifc of the strength of 
the containing vessel.^ 

Just before the completion of the experiments, a report came that 
the French had succeeded, during the war, in reducing to successful prac- 
tice the same idea by a method somewhat similar, and had in use, on the 
firing line, guns so constructed. The details of the method were not 
imparted, but it is probable that the stretching was performed by firing 
abnormally heavy powder charges in the gun. 

From a purely scientific point of view, the proposed demonstration 
of the possibility of the process was superfluous, in view of the laboratory 
experiments, but from an engineering point of view it was possible that 
there might be unforeseen difficulties in getting homogeneous forgings of 
a large enough size, or that other obstructions might arise in passing from 
small- to large-scale work. In any event, an engineer finds it hard to 
resist a certain satisfaction in a large-scale demonstration which he does 
not entertain for an experiment of more academic dimensions. 

The experiments were entirely successful, and the correctness of the 
fundamental ideas and the feasibility of construction were proved. The 
gun actually experimented with was a 3-in. (76 mm.), 23 caliber gun. A 
larger gun, either in bore or in length, would have been desirable, but the 
forging for this gun was the largest that the Washington Navy Yard 
could make, and the Navy Department was unwilling to interfere with 
production by asking any outside concern for a larger forging. After 
treatment and final machining, the gun was successfully tested for nine 
rounds at 21.8 tons per sq. in. (3065 kg. per sq. cm.) . The usual test for 
a gun of this size is three rounds at a slightly less pressure. The pressure, 
in actual firing, is only 13 tons per sq. in. (1828 kg. per sq. cm.). With 
regard to cost and ease of manufacture, the following extract is taken 
from a report of the Commandant and Superintendent of the Naval 
Gun Factory, to the Bureau of Ordnance. ^^From this summary, it 
would seem that the actual saving of money would be inconsiderable for 
this type of gun, but it is undoubtedly certain that the saving of time, if 
quantity production should be attempted on this basis, would be enor- 


^ Trans. Cambridge Phil. Soc. (Sept., 1910). 

* See Technique of High Pressure Experimenting. Proc. Amer, Acad. (Feb., 1914) 
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mous. Further, in the larger-typo gun!*, it is tlmuKti! thni th.- simpler 
operations would involve tins saving of a (Muiii.lrrHt.l.- ainutint nf money 
as well as time. ” 

Apart from proving the foa.sibility of gun ••un ;tni.tii.u h,v fhi-. im'tluHi, 

the experiment has engineering intero-st rom-fniing the nienu . I'tlim f„r 
controlling pressure of the required magnitude, and uith legard to the 
elastic behavior of thick cylinders ttiuler high interiiu! pressure. 

The general scheme of the apparatus was as folhovs: the gun \vm 
plugged at both ends, one of the plugs being perforated to make v.nnm- 


: , !• 
r 

i 

i ' 




Fig. 1. — GbNHBAL ASSUNtBLT VIHW. t\ t'% C ' Ilf 

PUSHING PISTON P WITH HEADS OF TKHTINd MAOIIINB T. rrr4'i 

THEOUGH CONNECTING PIPES TO INTEElOll OF OtfN (f, WfltldM H Alir: TO 

MANGANIN EBSISTANCB CAGE, InITIAD ITtESHIlEM I,H 1*1101* I l.T; I* PI' IIA.M,* IT'WI* II, 


tion with a pipe leading to a cylinder and piston phieed hi tween the jaws 
of a hydraulic press. The interiors of gnn and cylinder were fi}!e«! with 
aSTlitable fluid, and any desired pressure was prmiueed hv operating llie 
press. 


No attempt was made to set up an apparatus eapalde of immediaf 
commercial use; in this first experiment, the sole object wfi« t«i «ln»w th 
correctness of the fundamental idea, and to that »u)d the esperijuerit! 
set-up was designed so as to be simple and inexpensive uHing, so far a 
easible, resources steady available. A gruieral assejuhly view of th 
apparatus is shown in Pig. 1. por the press with which tlte piston w fi 
driven into the cylinder, the 2,000,000-lb. (»07,2(M).kg.) hhnerv testin 
machine of the Bureau of Standards was used, tin* machitie htdi.g sot ti 
.uJT “0^- The use of the Emery machine mmie it nee.. 

flrZ Stretching of the gun at the Bureau tif Btani 

s. I have to thank Dr. Stratton, Director of tho Bureau, fur tlje m 
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of the press and the most courteous way in which the resources of the 
Bureau were placed at my disposal. 

In Fig. 1 the testing machine is indicated by the two press heads; 
in use, the right-hand head was stationary, the left-hand head moving 
toward it, driving the piston into the cylinder. The interior diameter of 
the cylinder was 3 in. (76.2 mm.). The area of a circle of this diameter 
is 7.07 sq. in. (45.6 sq. cm.) so that the estimated pressure of 100,000 lb. 
per sq. in. (7030 kg. per sq. cm.) in the gun would require a thrust of 707,- 
000 lb. (320,685 kg.) , exclusive of friction, on the piston. The necessity of 
a large press is therefore evident. The cylinder was made in two parts. 
The central part was 22 in. long and 8 in. in diameter (56 by 20 cm.), 
of Cr-Ni steel having an ultimate strength of 275,000 lb. per sq. in. 
(19,332 kg. per sq. cm.) and elastic limit of 240,000 lb. (16,872 kg. per 
sq. cm.) with an elongation of 5 per cent. Over this central core were 
shrunk eight rings of the same steel, 15 in. (38 cm.) outside diameter, 
and 2 in. (5 cm.) thick. It was necessary to build up the cylinder in this 
way in order that all the metal parts might be comparatively thin, so 
that the effect of heat treatment might extend throughout the mass of 
the metal. The piston was of glass-hard tool steel, 13 in. long and 2.995 
in. diameter (33 by 7.607 cm.). I have found in all my work that 
pistons which are to take a pure thrust are much better left glass-hard. 



Fig. 2. — Details of packing plug of ctlindee. Piston P pushes plug toward 

LIQUID AT L. A IS SOFT STEEL, B SOLDER, C SOFT RUBBER, D HARDENED STEEL. E 
IS UNSUPPORTED AREA BACK OF THE PLUG. 

The packing plug, driven by the piston into the cylinder, is shown in 
Fig. 2. Its principle is such that the pressure in the packing is automati- 
cally maintained any desired percentage higher than the pressure in the 
liquid, making leakage impossible. It has been fully described in the 
paper on technique already cited. The plug consists essentially of a 
plunger with a stem, the packing, which is ordinary soft rubber, being 
placed around the stem. The rear end of the stem slides in a hardened 
steel ring of such thickness that this end of the stem is left without longi- 
tudinal support. The principle of operation is as follows. Since the 
plunger is in equilibrium at any stated pressure, the total force exerted 
by the liquid in one direction on the plunger head must be balanced by 
the total force in the other direction exerted by the annular shaped pack- 



ing. But the area on which the Ihiiiiti ucf.-; is nn att r than that un which 
the packing acts, so that the intcnsil.v nf pr.'ssurf in tin- pnckiiiK is greater 
than that in the liquid. In particular, if th<- diauu tt r th.- siem is nne- 
half that of the plunger head, tlu'area of the ring is 7:> pi-r cut. that <.f the 
head, so that the pressure in th«! ptu-king is :f:> per emt . gn-ai. r tlmn Unit 
in the liquid. This principle nf an uiisuppttrteii .nn a i in i liis |^HS(• the free 
end of the stem shown at is capable of the nuist varied uuHiillcation, 
and by the use of it any probkan in high-pre.ssuri‘ p.aeking lu.'iy In* .sulvt^d. 
In Fig. 2 the various auxiliary parking rings of steel or sohli-r keep the 
rubber in place. 

The connecting pipe leading from the (‘ylimier was 1*4 in. (.'f.l.S cni.) 
outside diameter, and (>^2 mm.) insiiie diameter. It w ji.s m.’uieof 
the same Cr-Ni steel tis the cylinder, drilled from the solid rod, and turned 
to final dimensions, on centers, after <lriUing. Itec.auHe of the <lt}hcu!ty 
of drilling longer holes of a diameter smaller than Is in . thf pipe was 
made in 30-in. lengths. Two lengths were necessitry t(t h-iid from the 
cylinder to the axis of the gun, and th<‘se were cotmected by a right- 
and left-handed coupling, of obvious design. The p.Heking at the ends of 
the pipe used the same principle of unsupported ;irea.s .us just descrilush 
but the details were different, the packing material in this ca-se being st)ft- 
steel rings. The details of this pipe jtaeking have iieen sltown in Fig. id, 
page 639, of the paper on technique.* 

The gun is shown in position in a heavy sttse! yoke, I »y which the plug.s 
at both ends were prevented from blowing otit. 'I'lie tw<t ends of this 
yoke were forgings of mild steel, 21 in. (f»3 cm.) sipmre atui 1 2 in. d'lt) em.) 
thick. There were four tie rods of mild steel, fi in. (12.7 cm . ) in diameter 
and ft- (2.9 m.) long.. The right-hand luaul of the yoke was pierced 
centrally to allow entrance of the connecting pi|m t(» the bretudi of the 
gun. This pipe made connection at one en<l to a right-nngletl coupling 
piece D, to which the pipe was brought from the cylimler, and at tlie 
other end connected with the interior of thegun. 'rhepuckingon tliegim 
end of this pipe was essentially like that shown for tin* (>ylindor. The 
stem of the plunger was here replaced by tin; straight slmnk of the cojs- 
nectiog pipe, and the head of the plunger by a lutad turnetl on the pipe*. 
The packing plug at the muzzle end of the gon was (‘.ssentially a dupliciib* 
of that for the cylinder, except that the conical steel parts wer«^ made 
Ipnger and more tapering to take up the striitch (hiring application of 
pressure. Some means of providing for a follow-up by tlie packing during 
stretch is essential, and the method sliown was enlirelv successful. 

The right-angled coupling D, besides connecting th<- piptsi from 
cylinder and ^n, contained two other essential parts of the apparatus. 
At tfie right-hand end of this coupling, connection was mwht through a 
check valve to a hand pump , the function of which was to iirodmu! an 

‘Pro<v Amer. Acad., Feb., 1914 
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initial pressure throughout the apparatus before the press started to 
drive the piston into the cylinder. Without this precaution, so much of 
the stroke of the piston would have been wasted in squeezing out air 
bubbles and in giving the initial rather large compression to the trans- 
mitting liquid, that it would not have been possible to reach the desired 
maximum pressure in the one stroke to which the apparatus was limited. 
The hand pump, which was one I had specially constructed for my 
experimental work, gave an initial pressure of 20,000 lb. per sq. in. 
(1406 kg. per sq, cm.). 

The check valve was of obvious design, consisting of a carefully 
ground, hardened steel cone of about 90° angle, held tightly against its 
seat by a very heavy spring. It probably was not absolutely leak 
tight, but any leakage was not fast enough to be perceptible with ap- 
paratus of this scale, although it might be more troublesome with 
smaller apparatus. 

Beside the connection to the low-pressure pump, the right-angled 
coupling contained the device for measuring pressure. It would have 
been easier if the pressure could have been computed from the area of the 
piston and the total thrust on the jaws of the testing machine, but the 
friction was so great as to make this impossible. For instance, at an 
actual pressure in the gun of 80,000 lb. per sq. in., the calculated pressure, 
making no allowance for friction, was 110,000 lb., showing a loss by fric- 
tion of 30,000 lb. per sq. in. (27.3 per cent, of the calculated) or 210,000 
lb. total thrust in the machine. It was therefore, necessary to measure 
the pressure in the gun directly. For this measurement, no ordinary 
type of gage, such as a Bourdon, is suitable, because of insufficient 
strength and too great elastic hysteresis. In my laboratory experiments, 
I had successfully used a manganin resistance gage, and this was used 
successfully here. This method of measuring pressures utilizes the change 
in resistance of a metal under pressure. Manganin is particularly suita- 
ble because of the linearity of the relationship, and the negligible effects of 
temperature changes. The magnitude of the variation in resistance is 
about 1.6 per cent, for 100,000 lb. per sq. in. (7030 kg. per sq. cm.). 
With modern commercial apparatus, a change of this magnitude may be 
easily measured with the required accuracy. Details of the method may 
be found on page 64.0 of the paper on technique, ^ and also in another paper. ® 
For the actual details of the method of measuring resistance employed in 
connection with this gage, and for the apparatus, I am indebted to E. 
L. Purrington, of the Bureau of Standards. 

The approximate dimensions of the gun, of a type now superseded, 
are shown in Fig. 3. This gun is especially simple in that the outside, 

^Loc. cit. 

8 The Measurement *of Hydrostatic Pressures up to 20,000 kg. per Square Centi- 
meter. Proc. Amer. Acad. (Dec., 1911) 47. 







over the region in wliieli tin* grrHt<'.^-t innul.i' pr^-SM-urr ih coimbk 

of two cylinders of outsuh* dinnit'in^ 7..i and m, [l\i anii mji fin.)^ 
respectively. The extreme whieli r^-i eniiu.';!.!,, uui In- 

sidered, because when the pn>j**otilt* hua n'aehfti ihe-i part ui flit* tain, the 
powder pressure has droppeil sn hnv as tu makr iiiiiif'rr-,;,!viry nny 
ment of this portion. 

It was necessary to apply tlie prrsHurf in tu u stain fir^t in tiip tirweli 
alone, and second to thenun^.de luuihrtaadn laa^aus<na|^rr^:vl|rtv||iLdii‘^||}|yl 
to stretch the brcaadisuflkiently wmihlhuve Hfrrfrhrti ftm luiirh ami |ir«iln 
ably ruptured the niuz 2 ;le. Tlie twaj-stagf' ap|4i«\af iHii tif iiwmirv wm 
accomplished as follows. The paeking inward ih*' iiimndr u a^4 tir‘4 plam! 
at the region of decrease of outside diameliU' irnm T.d U* .'i,:* m.. mui lifld 
in this position by hardened stet*l bhirk,^ filling ii]> tin* n-^.! ni ilia btire of 
the gun to the extremcunuscyJe. 'riumst ua.s traii.^oniifj’d idirtoigh tlmso 
blocks to the left-hand head of tlu» yoko. Tin* mgitiu n|irn in pri*.^siire 
was thus restricted to the brefadi end of t!it*guii, whieh l lo-rrupnn sirrlrhed 



Fig. S.—ScALEi deawino of tiui taw m.rtoo: tni ' ai . ’iiii.. 

LENGTH IS 77 IN. (195.0 CM.) INHIUS lUAMOtKIC AT .1. t%, OVSfi ,-W. p 

BTBR AT B 2.6 IN. (6.0 CM.), AHX> OCTHIUK OlAMKTim 7.5 i\. I lO *",0 ^ ; | M .iMIiTKil 

AT C 2,6 IN. AND OUTSIDE DIAMETKU fl.S IK. (i:i.5 VU.'K 


to the required amount. Prmure wjw thru thr r.aiun- 

ing the left-hand packing plug wore nnuovfil, nmi jirr.HMir.' » rrapjaicci. 
The left-hand packing, now unsupportrd, wiu* driven to tlx- !. ft l.y llit- 
pressure until stopped by the left-hurul hmid of tlm yukv. h-.-kving the 
breech and the muzzle accessible to pressure, whieb w.hs thi'ii reapplied 
with sufficient force to stretch the muzzle. ‘I’hi.s itresaure being less 
than that previously applied to the bnseidi, bm’auseitf the snudh'r ilinieu* 
sions of the muzzle, no additional pernuunuit etTeet wsts pnidueed .at the 
breech. 


The packing evidently had to bo of sindi design that it would allow 
considerable stretch of the inside without leak, and eonld I.e moved from 
one position to the other without too gnmt force and wilhont h-.-ikage; 
It must also be used a second time in the ntnv position, again without leak. 

e packing ere illustrated satisfactorily answered thesi? requirements, 
ihe maymum pressure required to overcome its friction was :h'».()i)(} Ih. 

t *^*'^*^ Jdter the sticking point Wfw p.’isscd 

a pr^sure of 2000 lb. per sq. in. moved it easily. 

tio™ of stretching were follows. I’our applica- 
alone, was made on June 20. 1918, with un8ucc<«ful rmuHs. Through 
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some misunderstanding, the kerosene specified as the filling fluid was not 
provided, and it was necessary to use a substitute having untried p*oper- 
ties. The danger was that the oil might freeze under the high pressure, 
and thus refuse to transmit the pressure. This was actually what 
happened. The total thrust applied by the Emery machine was 
1,300,000 lb., corresponding to 180,000 lb. per sq. in. in the cylinder, 
making no allowance for friction; of this pressure, only 95,000 lb. per 
sq. in. was recorded by the manganin gage, and, judging by the elastic 
behavior, only 78,000 lb. reached the inside of the gun. Under the ex- 
treme thrust, the pipe ruptured at the end nearest the cylinder, the cylinder 
itself was somewhat scored on the inside, and the piston was slightly 
upset. Eepairs were made, and the next application of pressure, this 
time with the proper transmitting medium, was made to the breech on 
July 26, 1918. On the morning of July 27 the packing was driven back 
to the muzzle, and in the afternoon pressure was applied to both breech 
and muzzle, stretching the latter. On the morning of July 29, pressure 
was reapplied to the entire gun as a check on the raising of the elastic 
limit. The gun was then dismantled and sent to the Naval gun factory 
for finishing. It was turned, inside and out, rifled, the breech mechanism 
put in place, and the final firing tests, already mentioned, were made late 
in November, 1918. 

The manner of yield during application of pressure now remains to 
be described as this offers some interesting features relating to the strength 
of materials. Measurements to 0.0001-in. (0.0025 mm.) were made with 
a micrometer on the outside diameter of the gun at a number of points, 
during and after each application of pressure, and on the inside diameter 
before and after the complete treatment. Interest in the results them- 
selves would have warranted more careful measurements, but I did not 
feel justified in making a more elaborate study than was demanded by 
the needs of the moment. 

In Fig. 4 is shown the relation between external diameter (mean of 
three readings at the center of the breech section) and pressure, during the 
initial application of pressure to the breech on June 20. Beyond 55,000 
lb. per sq. in. the observed curve showed a break, due to the incipient 
freezing of the transmitting oil, so that the recorded pressures corre- 
sponding to the measured diameters were too high. It is possible, how- 
ever, to estimate, from the behavior on the next application of pressure, 
that a maximum pressure of 78,000 lb. per sq. in. (5483 kg. per sq. cm.) 
was reached on the first application. The probable course of the true 
curve between 55,000 and 78,000 is shown dotted in the figure. A total 
set of 0.0037 in. (0.094 mm.) on the outside diameter was produced by the 
first application. The feature cf particular interest in Fig. 4 is that there 
is no evidence of an elastic limit anywhere, on increasing pressure, but the 
stress-strain curve from the beginning shows pronounced curvature. 
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This is not surprising in this material, which couhl nof have Ijcch It‘lt 
by the forging in a state of coiniilctc^ (‘asc^ 

OThe linear relation to be expected b(d,\ve.'u stm'ss :iud strain in a cyl- 
inder of these dimensions may be com[>uted Irntu tlm theory of elasticity 



Pret»«uif 


Fig. 4.~First application of PiicssiriiH to tum Huiaicir. 'ruF. in(‘ufahf of 

OUTSIDE DIAMETER (oRDINATE) IS SHOWN IN INCUKH AOAINHTTHF JXTFUXAF rUKHHCUF 

(abscissa) in thousands of pounds pku squauk inch. 


as given in any textbook. (See, for examph;, Love's “Mlastieify," p. 
141.) We have for the radial displaceimmt U, 

TJ — Ar A- A ~ ^ 


where p is the internal pressure, ri intmmal and ro (ixternal radius, X and 
M the two elastic constants. The longitudinal strain of the eylindia- <; 
is connected with the longitudinal fiber strr'ss Z, by the relation 
7 = ^ ,,(3X-h2^)M 

' X -h M ro* - ri* X -h M 

In a cylinder mounted, as this was, so that the ( hru.st on the end plugs \va.s 
taken by an outside frame, wo have, neglecting friction, Z, (J. 

Taking as average values for the elastic constants of steel 


M = 8.2 X 10"! „ ,, 

^ 10^^ " A.l)s« 0« C*. S. unitiSj 

we find that e = - 2.59 X 10"^ for 100,000 lb. per .srp in. That is, tlie 
gun shortens under internal pressure airplii'd iw above. With this 
value for e, we find 


A = 3.18 X 10-^ 
B = 3.31 X 10-8/ 


for 100,000 lb, iHTsq, in. 


Substituting now the numerical values of 7.5 in. for the ouiHiclc diameter, 
and 2.6 in. for the inside diameter (the gun was luiulc 0.1 in, Hinidl on 
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the inside to allow for stretch) we find ?7 = 3.4 X 10~^ for 100,000 11 
per sq. in. That is, the outside diameter should increase 0.0068 ii 
(0.173 mm.) under 100,000 lb. per sq. in. (7030 kg. per sq, cm.) interm 
pressure. The slope of the initial part of the curve in Fig. 4 is much leg 
than this, while that of the latter part during stretch is, of course, muc 
greater. The recovery after release of pressure was, however, at tb 
rate of 0.0080 in. (0.203 mm.) per 100,000 lb. That is, the first applici 



Pressure 

Fig. 5. — Second application op pressure to breech. Increase op outsii 

DIAMETER (ORDINATE) IS SHOWN IN INCHES AGAINST INSIDE PRESSURE (aBSCISSA) 
THOUSANDS OP POUNDS PER SQUARE INCH. RESULTS ARE SHOWN ON TWO SCALE 
LEPT-HAND SCALE APPLIES TO UPPER CURVE, WHICH SHOWS STRAIN BEPORE PR 
NOUNCED PLOW HAS BEGUN, AND RIGHT-HAND SCALE APPLIES TO LOWER CURVE, WHK 
SHOWS STRAIN DURING BOTH STAGES OF ELASTIC YIELD AND OP PLOW. 


tion of pressure, in spite of some permanent set, has left the metal wil 
effective elastic constants approaching those of a state of ease. 

The elastic limit to be expected on the maximum stress theory c£ 
be easily computed. At the inner surface we have 


Oe 


+ r i^ 

ro^ — 


where is the circumferential fiber stress. The elastic limit of this ste 
was about 60,000 lb. per sq. in. (4218 kg. per sq. cm.). Substituting th 
value for 0^, gives 46,500 lb. per sq. in. (3269 kg. per sq. cm.) as the e 
pected elastic limit of a cylinder initially without internal stress and in 
state of complete ease. 

The results of the second application of pressure to the breech, c 
July 26, are shown in Fig. 5. Pressure was pushed to a maximum 
94,000 lb. per sq. in. (6609 kg. per sq. cm.) producing an additional perm 
nent set of 0.053 in. (1.35 mm.) on the outside. This additional set to( 
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place almost entirely above 85,000 lb. In the diagram, (he results ari^ 
plotted on two scales; on a largo scale showing (he itsuUs to 8o, ()()() 11,., 
and on a scale five times smaller to show tlu' flow and set. 1 1 is (audmif 
that the initial stress-strain relation is much more nearly linear on the 
second than on the first application of iinsssure. 'I'he lH>st straiglit line 
through the points up to 73,000 lb. has a slope of ().{)072 in. pm- lOO.OOO 
lb., which is close to the theoretical elastic rate. 'I'he ral.e of recovery 
after release of pressure was at the rai.e of ().010.> in. i>er 100,000 Ih., 
which is considerably more than the etas( ic ratie 'I'his is io be explained 
by hysteresis effects, which are alwa.ys espi'ciall.y promini'id in midnl 
which has been recently severely straimal. 

The stress-strain relations on the next application to the breech, on 
July 27, are shown in Fig. 6. The muzzle was being t nad.ed during this 
application, so that it was not po,ssible to reach the old inaxiniuni of 



Preasurt^ 

Fig. 6.— Thikd application of puKBHUitw to thi>j bukiioh. 'riu-: inohbahk 
OP outside DIAMETBK (oEDINATE) is shown in INOHEH AOAINHT TllH INTBUKAL PUHH™ 
SUED IN THOUSANDS OP POUNDS PEE SQUAEB INCH. 

94,000 lb., 78,000 lb. (5483 kg. per sq. cm.) being all that was required to 
give the muzzle the desired stretch. The brei'ch receivi'd an additional 
stretch of 0.0023 in. (0.058 mm.) during this third application. 'I'he 
stress-strain relation shows just as pronounced curvature a.s it did on tin* 
first application. This is evidently an effect of the previouH aeveri' .ntrain- 
ing and considerable flow produced by 94,000 lb. ; the interior of the metal 
had been thrown into a state of disturbed internal equilibrium. A state 
of ease may be recovered after such treatment by prolonged resting; it is 
also known that the speed of recovery is greatly increased by moderate 
heating. The elastic recovery on release of pressure after the third 
application was at the rate of 0.0076 in. per 100,000 lb., again approaching 
the theoretical rate. 

The results of the fourth application to the breech, on July 29, arc 
shown in Fig. 7. One observed point was discarded because it was so far 
off the curve that it was evident that a blunder had been made in reading. 
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Two readings were made with decreasing pressure, an observation not 
previously made. The relation between stress ahd strain is now much 
more nearly linear. The whole cycle of operations forms an open hystere- 
sis loop, such as are quite characteristic of the behavior of heavy masses 
of metal strained far beyond the elastic limit. I have elsewhere^ shown 
examples of such loops obtained under other conditions. The perma- 
nent stretch, after this fourth application, was only 0.0007 in. (0.018 
mm.). In such cases as the present, the conventional terminology breaks 
down, but it is to be questioned whether such slight permanent altera- 
tions of dimensions as have been shown after the first, third, and fourth 
applications of pressure are correctly characterized as set, proper, in the 
understood sense of the word, but are not rather to be recognized as a 
result of the internal accommodation that has evidently taken place, as 
shown by the character of the stress-strain curve under increasing stress. 



Fig. 7. — Fourth application op pressure to the breech. The increase 
OP outside diameter (ordinate) is shown in inches against the internal pres- 
sure IN THOUSANDS OP POUNDS PER SQUARE INCH. 


The result of the initial application of pressure to the muzzle is shown 
in Fig. 8. As in Fig. 5, results are plotted on two scales, a larger scale 
for the points before pronounced set occurred, and a scale five times 
smaller showing set. Just as in the case of the breech, the stress-strain 
relation on the initial application was not even approximately linear, but 
the curve started with pronounced cmwature, passing into the region of 
flow without abrupt change of direction. 

The diameters of the muzzle were 5.3 in. (13.5 cm.) outside, and 
2.6 in. (6.6 cm.) inside. Applying computations similar to those for the 
breech, we find that the longitudinal strain is a shortening of 6.0 X 10“^ 
for 100,000 lb. per sq. in., that the theoretical elastic increase of diameter 
is 0.0111 in. (0.28 mm.) per 100,000 lb., and that the theoretical elastic 
limit, on the maximum stress basis, is 37,000 lb. (2600 kg. persq. cm.). 
The maximum stress applied was 78,000 lb. The rate of recovery after 
release of pressure was 0.0119 in. (0.3 mm.) per 100,000 lb. per sq. in., 
much more nearly the theoretical rate than was shown by the thicker 
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breech, in spite of the fact that the set wits rc'lativi'ly aiul absoUit('ly 
greater, 0.0767 in. (1.95 imu.) against 0.0550 in. (1.35 miu.). 



0 10 20 30 40 50 60 70 60 


Pressure* 

Fig. 8. — First application of piiFasURK to muzzle. lNt:HKA.sK (jf oii'iniuL 

DIAMETER (oRDINATE) IS SHOWN IN INCHES AGAINST INTEHNAl. PHKHHUUK IN THOirKANUH 
OP POUNDS PER SQUARE INCH, RESULTS ARE SHOWN ON TWO SOALEH; LFiFT-HAND 
SCALE APPLIES TO UPPER CURVE, WHICH SHOWS STRAIN BEFORE PRONOUNCEO FLOW 
HAS BEGUN, AND RIGHT-HAND SCALE APPLIES TO LOWER, WHICH HHOWH STRAIN DUUINfi 
STAGES BOTH OP ELASTIC YIELD AND OP FLOW, 

The result of the second application of pressure to tlui muzzle is showii 
in Fig. 9. The initial relation between stress and strain is liruair within 
the limits of error of measurement, with a slope of O.OlOO in. (0.27 inm.) 
per 100,000 lb. The agreement with the calculated value is i)rohal)ly 
within the limits of error of the values assumed for the chuslu; constants. 
This linear relation is in striking contrast with the curvature; shown in 
Fig. 5, taken under corresponding conditions at the bresich. This iigr(;es 
with all my previous experience that, after flow, equilibrium is attaiiu;;! 
much more rapidly in small than in large masses of metal, and that ac- 
commodation effects are always much less prominent. Briefly, the (;xi elaiui- 
tion of this is that in the smaller mass of metal there is less room to set up 
those internal stresses and inhomogeneitiea, the r(;loaaing of whi(!!i catises 
the accommodation effects. 

The previous pressure maximum of 78,000 lb. was slightly (ixceedecl 
on the second application, pressure being pushed to 82,000 lb. The 
slight additional set of 0.0039 in. (0.1 mm.) on the second application was 
almost entirely produced by this excess pressure. On release of {jressurc;, 
there wore pronounced hysteresis effects, doubtless the result of the 
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slight additional flow produced by the excess 4000 lb. The total re- 
covery on release was at the same average rate as the linear rate on appli- 
cation of pressure, namely 0.106 in. (2.7 mm.) per 100,000 lb. per sq. in. 
After completion of the stretching, the bore was measured at the Navy 



Pressure 

Fig. 9. — Second application op pressure to the muzzle. The increase of 

OUTSIDE DIAMETER (oRDINATE) IS SHOWN IN INCHES AGAINST THE INTERNAL PRESSURE 
IN TPIOUSANDS OP POUNDS PER SQUARE INCH. 

Yard. Fig. 10 shows the internal permanent stretch at various points of 
the bore. The minimum at 33 in. corresponds to the transition from breech 
to muzzle. With the experience gained from this first trial it would evi- 
dently be possible to improve the position of the packing plugs so that the 



Fig. 10. — Total internal stretch after treatment, in inches (ordinate) 
AS function of position, in inches, on axis op gun (abscissa). Crosses show 
position op packing during applications op pressure to breech alone, and 

CROSSES IN circles POSITION OP PACKING DURING APPLICATION OP PRESSURE TO BOTH 
BREECH AND MUZZLE. 

stretch of breech and muzzle would join each other continuously. The 
minimum at 48 in., on the other hand, must have been an intrinsic irregu- 
larity due to a local hardness in the forging. However, the stretch at all 
points of the bore was sufidciently great so that local irregularities had 
no bad effect, as shown by the final firing tests. 




From a comparison of tlui final outsidn and inaidn dinumaionH, some 
idea can be gained iis to whether thert^ wuh any permanmit change of 
density of the metal. At the center <if tlu' hri'cch si>e(ion. tin- computed 
metal added to the outside of the cylinder agn'e<l with that takt'u from 
the inside to within 0.7 per cent, hut at the muzzh^ the agreement was 
only within 14 per cent, llowciver, tlu' accuracy of tlu' computation at 
the muzzle is not high becaust; of th<“ inhomogeneity of llu' imd al, and, 
in particular, the possibility must bt' rt'eognizmi that the figure did not 
remain circular; not enough measurementH wer(? made to he sure* of this 
point. Within the limits of error, there was no gnait change, of deiusity. 
It is a result of my previous experiemee that hydrostatic prt'saurc, 
as such, produces no permanent change of density, unle.sH thi; nu'lal has 
actual pores. Under such conditions of strain iw wtaa^ <'mploye(l here, 
the density shows a slight tendency to (b'ermist^ if anything. 

Summary 


1. With regard to gun fabrication, it has been demonstrated by 
actual construction and firing teats that it is possible to make n gun from a 
single forging, producing the required distribution of inttirnal atressc's by 
a preliminary application of hydrostatic pressure; so high aa to strain tlu' 
material considerably beyond its yield point, 'riio great simplicity of 
construction by this method leads to the expectation of important econo- 
mies of time and money if quantity production slionld be* atte'inpted. 

2. The technique of controlling the {jrrasure's reepiireel, which are of 
the order of 100,000 lb. per sq. in. (7030 kg. pe'r sep cm.), him be:en 
described as applied to the experimental gun. The; e'SHtmee; of tlie teech- 
nique is a packing which automatically bccome'S tighten at highe'r pre>H- 
sures. There is no reason to think that the techniejue slioulel not he* 
successfully applied on a commercial scale. 

3. The behavior of the hollow cylinders composing the gun, whe'ii 
stretched by heavy internal pressure, has been describeal. Hitch cylin- 
ders flow and receive permanent set under pressures which may lie about 
twice the elastic limit computed according to the simjile theories. After 
once stretching, the cylinder receives little or no further permanent set up 
to the previous pressure maximum. Witlrin this range of pre-ssuri*, tin; 
cylinder behaves in a manner approaching that of pcrfitct elasticity, but 
with very marked disturbances, of which hysteresis and accommodation 
effects are the most prominent. These disturbances tend to disaiipear 
mth time. The approach to perfectly elastic behavior is mucli closer for 
thin than for thick cylinders. A valid theory of the stress-strain rela- 
tions under such conditions is much to be desired, but luis not yet boi'n 
formulated. 
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Reprinted from the Proceedings of the National Academy ov SciaNCBS, 
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FURTHER MEASUREMENTS OF THE EFFECT OF PRESSURE . 

ON RESISTANCE 

By P. W. Bridgman 

J^PPERSON Physical Laboratory, Harvard University 
Communicated August 22, 1920 

In a previous paper^ data for the effect of pressures up to 12000 kg/cm^ 
on the resistance of 22 metals were given. It has now been possible to 
extend the results to 18 more elements, and 6 alloys. The extension has 
been made possible by two changes in the technique. In the first place, 
by a change in the method of leading electrical connections into the presn 
sure chamber it has been possible to replace the previous method of 
measuring resistance with a Carey Foster bridge by a potentiometer 
method. This makes it possible to measure accurately specimens whose 
total resistance is very low, and removes the restriction that the specimen 
must be in the form of a fine wire. In the second place, by a modifica- 
tion in the design of the apparatus, it has been possible to considerably 
extend the temperature range. The results now cover a range from atmos- 
pheric to 12000 kg. pressure, and an extreme temperature range from 0® 
to 275^ C. 

In selecting tlie substances to be measured over this increased range 
I have paid particular attention to the matter of liquid metals. Previous 
to this, the effect of pressure on both tlie liquid and solid state was not 
known for a single metal. The resistance of metals in the liquid state 
would seem to be particularly worthy of study, because here the crystal- 
line structure introduces no complications. Six elements have now been 
investigated in the liquid and the solid states. Furthermore, I have 
endeavored particularly to investigate some of the more unusual elements, 
in the expectation that elements from unusual parts of the periodic table 
might show new types of behavior. This attempt has been rewarded by 
the discovery of three more elements whose pressure coefficient of resistance 
is positive; bismuth and antimony were the only ones known previously. 



PHYSICS: P, W. BRIDGMAN 


506 


I^Eoc. N. A. S 


ments on them had been already made for another purpose. The compo- 
sition of the alloys is as follows: 


Hoskins 
Mfg. Co. 


Chromel A Ni 80%, Cr 20%. 
Chromel B Ni 85%, Cr 15^;,. 
Chromel C Ni 64%, Cr 11%, Fe 


Electrical 
Alloy Co. 

Driver 
Harris Co. 


Comet 
/ Therlo 

[No. 192 Alloy 


Ni x%, Cr y%, Fe ::%. 

A1 2%, Mn 13%, Cu 85 (this is like Man- 
ganin). 

Ni 30%, Cr 2%, Fe (>8%. 


Only a very rough summary of tlie principle rCvSiiltvS of the measure- 
ments can be attempted here. The results will be published in full detail 
elsewhere. In the table are shown the average pressure coefficients to 
12000 kg., and also the initial coefficients at atmospheric pressure. The 
numerical values of the table may be supplemented by tlie follt)wing 
remarks on various significant aspects of behavior. 


TABnn 

Effect of Pressure on Resistance 


Substance 

Mean 
Pressure 
Coefficient, 
0-12000 kg. 

Instan- 
taneous 
Pressure 
Coefficient 
at 0 kg. 

Sulmtunee 

Mean 

PfWHun* 

0 12(KK) kg. 

luHtun* 
taiieous 
PresMire 
Coefficient 
at 0 kg. 

Ui, solid, 0®. 

, 

+0.0»772 

+0.0893 

+0.0608 

+0.0693 


D.ChlOU 
- (1 0633 

— O.O 4 I 23 

Ei, liquid, 240®. 

As, 0®...! 

Na, solid, 0® 

—0.04345 

— 0.0<663 

W, 0® 

■'■--O Oil 35 


Na, liquid, 200® 

—0.04436 

— O.O 4922 

U, 0® 

—0.06:131 

•■-•0.0|30 ' 

K, solid, 26® 

— 0 . 046 O 4 

— O.O 3 I 8 O 

Nd, 0®.. . 

-■•0.06213 
*0.04 100 

—0.0*238 
— O.OiUS 

K, liquid, 165® 

—0.04809a 

--O.OalOS 

Carbon, amorphous, 0 ®. 

Mg, 0® 

—0.06408 

—0.06447 

Carbon, graphite, 0 ®, . , 

+0,0*47 

+0.0*77 

Ca, 0® 

+O.O 4 IO 6 

+O.O 4 I 29 

Si. 0® 

—0.04117 
— O.O 48 I 
— 0.tkl34 
-^-O.OslCIO 
—0.0*427 
—0.0*241 

Sr, 0® 

Hg, soM, 0® 

+O.O 468 O 
— O.O 4236 & 

+0.04502 

Black phosphorus, 0®.. . 
Chromel A, 0* 

— 0 . 1 b 20 () 

Hg, liquid, 25®., 

—0.04219 

O.O 4334 

Chromel B, 0® 

Chromel C, 0 ® 


Ga, Hquid, 20® 

— 0.06531 

— 0.0e040 


Ga, solid, 0®. 

—0.06247 

Comet 0 ® 

—0.0*203 

Ti, 0® 

tO.Oal?? 


Therln 0® 

Zr, 0®.. 

—0.0840 

—0 . 0840 

No. 193 alloy, 94®.. ... . 

-4). 0*1 79 

—0 , Ui24(l 


a Avearage 0-9000 kg. 
6‘Average 7640-12000 kg; 
c Average 0-7000 kg. 


Witli regard to purify, Ga was prepared under tlie direction of Pro- 
fessor T. W. Richards for atomic weight work, and had less than 0.01% 
impurily. The Na, K, Mg, Hg, Bi, W, and black phosphorus were also 
of ^bpurity.^The Ca contained about 0.1% impurity, and the impurity 

m me U and m w^ of the order of 1%. The Ti and Zr were known to 
be impure with 1.8% and of w • Xf.. •jL_. « 
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La, and Nd were considerably impure. The graphite was the best Acheson 
graphite, but the results were not reproducible. Similarly results with 
Si were not reproducible. All that can be expected of C and Si is the 
order of magnitude of the effect. 

Normal Solids. — ^The substances with negative pressure coefficients of 
resistance are Na, K, Mg, Hg, Ga, Ti, Zr, As, W, La, Nd, Si, and black 
phosphorus. Mg and W were previously measured. It is now possible 
to give better values because of increased purity of the specimens avail- 
able. La and Nd are the first metals in the rare earth group whose pres- 
sure coefficients have been measured; they show no novel features. Ti 
and Zr are also from a new region of the periodic table. The interesting 
feature of their behavior is the extreme smallness of the coefficient. Hg 
has not been previously measured in the solid state; its coefficient is 
somewhat greater than that of the liquid. Abnormal results were ex- 
pected for gallium, because it expands when it freezes, but it was found 
instead to be quite normal. Arsenic might be anticipated to be abnormal 
because of its position in the periodic table relative to bismuth and 
antimony, but it turns out to be normal. Silicon, a non-metallic element, 
decreases in resistance, as is normal for metals, but the pressure coefficient 
becomes larger with increasing preSvSure and the temperature coefficient 
may reverse in sign at high pressures, both of which are abnormal features. 
Black phosphorus, also non-metallic, is remarkable for the very large 
size of the effect, the resistance decreasing under 12000 kg. to about 3% 
of its initial value. The relative coefficient, however, does not change sa 
much as it does for some metals. Na and K are the first alkali metals 
whose pressure coefficients have been measured. They are remarkable 
for the largeness of the effect, which is larger than for any other metals 
as yet measured. Na decreases 40% and K 70% in resistance under 
12000 kg. The pressure coefficient of these metals decreases greatly with 
increasing pressure and increases with increasing temperature, and the 
temperature coefficient decreases with increasing pressure. The metals 
previously measured have shown relatively little change in these coeffi- 
cients. 

Abnormal Solids. — Three new elements have been found whose resist- 
ance increases under pressure; these are Li, Ca, and Sr. This was a great 
surprise because all of these metals are highly compressible. With the 
single exception of the variation with pressure of the pressure coefficient 
of strontium, the behavior of these three metals is like that of Bi and Sb 
in that the instantaneous pressure coefficient increases with increasing 
pressure and decreases with increasing temperature, and the temperature 
coefficient falls with rising pressure. 

Relative behavior of Resistance of Solid and Liquid. — ^The pressure co- 
efficient of liauid bismuth is found to be negative and normal, although 
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of crystalline structure in detenuiniuK variutiiuis of resistunce. On 
the other hand the coefficient of lithium is uhnonual in being positive in 
both the liquid and solid states. (The melting curve of IJ was measured 
under pressure and found to be normal in that the stdid i'xpands on melt- 
ing.) The magnitude of the coefficient of the sc did is k‘ss tluin t hat of the 
liquid. Gallium is normal in the solid as well us in tlie litpiid, and the 
coefficient of the liquid is much larger than tliat of the scdid. Tlie coeffi- 
cient of liquid mercury is slightly less than that of solid mercury. The 
coefficients of liquid sodium and potassium arc less tium those of the 
solids, but by only small amounts. The relative decrease in the coeffi- 
cients of these solids with pressure may be greater than tlie decrease of 
the liquid. liquid potassium has an ubnornal change in the sign of the 
variation of temperature coefficient with pressure and the pressure coeffi- 
cient with temperature. 

All of the six metals measured in the solid and liquid state agreed in 
showing a relatively small cliange in the ratio of tlie resistance of liquid 
to solid along the melting curve from low to higli pressure. "I'lms the 
change in the ratio of the resistance of liquid to solid potassium was 
from 1.5G to 1.55 under a pressure increase of {)7(K) kg. 'I'liis pressure is 
sufficient to decrease the difference of volume l>etween liijuid and .solid 
to 0.31 of its initial value. It seems to l>e universally true that the tem- 
perature coefficient of the liquid is less than that of the solid, and the 
change of resistance on melting is in the direction of the change of volume. 

Theoretical Implications,— Vht following remarks are only two of many 
that might be suggested by the data. 

It is probable, because of the peculiar nature of the atomic structure 
of lithium and the fact that its pressure coefficient of resistance is pos- 
itive, that the picture of the mechanistn of electrical conduction given 
by Wien and Tindemann as a space lattice of electrons sliding in the 
channels of a ^ace lattice of atoms may have much of tratli for this 
parlieffiar element. 

The new evidence now at hand does not make it necessary to racxlify 
the iomm point of view^ that for most elements tlie most important 
single factor in determining the variations of electrical resistance is the 
amplitude of atomic vibration. 

This investigation was assisted in large part by a generous grant from 
the Rumford Fund of the American Academy of Arts and Sciences. 

1 P, W., Proc, Am&r. Acad,, Boston, 52, 1917, (573-440). 

Budgman, P. W,, Physic, Rev., Ithaca, N. F., 9 , 1917 (269-2B9). 
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THE ELECTRICAL RESISTANCE OF METALS. 

By P. W. Bridgman. 

Synopsis. 

Electrical Resistance of Eighteen Elements. — The paper contains a brief summary of 
an extensive series of measurements which are to be published in detail elsewhere 
made to determine the effec ^of pressures up to 12000 kg. per sq. cm. and of tempera^ 
tures from 0° to 275° C. on the resistance of lithium, sodium, potassium, gallium, 
bismuth, ?nercury, calcium, strontium, magnesium, titanium, zirconium, arsenic, 
tungsten, lanthanum, neodymium, carbon {amorphous and graphitic), silicon, and black 
phosphorus. The data for tungsten and magnesium are improvements on data 
previously published; the data for the other substances are new. The first six of 
these elements were studied in both the liquid and the solid states. The pressure 
coefficients of solid calcium, solid strontium, and both solid and liquid lithium are 
positive; the coefficient of bismuth is positive in the solid state, but negative in the 
liquid. 

Modified Electron Theory of Metallic Conduction. — previous theoretical dis- 
cussion of measurements of the effect of pressure on resistance suggested most 
strongly that in metallic conduction the electrons pass through the substance of the 
atoms, and that the mechanism by which resistance is produced is intimately con- 
nected with the amplitude of atomic vibration. This view is here given quantitative 
form. The classical expression for conductivity, cr = {e^l 2 m){nl(v), is retained; 
the number of free electrons is supposed to remain constant, their velocity is taken 
to be that of a gas particle of the same mass and temperature, and their mean free 
path is supposed to be many times the distance between atomic centers. The vari- 
ations of path are then computed in terms of the variations of amplitude, and thus 
the variations of resistance are obtained and checked with experimental results. It is 
shown that the theory in this form explains Ohm’s law, gives the correct temperature 
coefficient and the most important part of the pressure coefficient, avoids the diffi- 
culty of the classical theory with reference to specific heats, indicates a vanishing re- 
sistance at low temperatures, leaving open the possibility of super-conductivity, 
and retains the classical expression for the Wiedemann-Franz ratio. Besides these 
quantitative checks, the theory is shown to be entirely consistent qualitatively with 
all the new data; in fact, many of these new results, particularly the effect of pressure 
and temperature on the relative resistance of solid and liquid, seem to demand 
uniquely this conception of metallic conduction. 

I N a forthcoming number of the Proceedings of the American Academy 
I shall give the results of measurements of the effect of pressure and 
temperature on the resistance of 18 elements and several alloys. This 
is additional to my previous results for 22 elements. The numerical 
data will be briefly summarized in the Proceedings of the National 
Academy. In a previous paper in this journal I drew certain inferences 
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with regard to the mechanism of eUrtrical (‘oiuiuctitm from thi* previous 
data for 22 substances. In this ])aper I desire to t‘xtiuul this work in 
the light of the new data now ax’ailabUv 

It will pay to briefly indicate the (‘xtmit <»f the new data; tlu‘ mmu'rical 
results will be referred to in tlu‘ iollowing as tlu* lU't'd arisi's. Prtwious 
to these measurements there were data tor the etleet ot pn^surt' on the 
resistance of no metal in both the lu[uid and tlu* solid state, and the 
data were known for only one luiuid metal, mer<‘ury. 1 havi‘ now 
obtained results for the variation of resistance undm* both pressnrt* and 
temperature of the following six nu^tals in l>otIi tin* litpnd ami tlu* scslid 
states: mercury, lithium, sodium, |)otassium. galllium and bismuth. 
Previously none of the alkali or alkali earth metals had been measured; 
it is just these for which the largest pressure (‘ffecis would be expc‘(ied. 
I now have the data for lithium, sodium, |)otassiinn, eahainn, and stron- 
tium. The effect of pressure wms not known on any of the rare earth 
metals, i now have the data for La and Nd. The completi* list of 
elements covered by the new w'ork is: Li, Na, K, Mg, ('a. Sr, 1 Ig, ( »a, Ti, 
Zr, Bi, As, W, La, Nd, C, I, and P (black). Fm’hajjs tlu* most striking 
of the new results are as follows. Three mort^ nu‘tals havi* luvn added 
to the list of those whose resistance increase's with iiu'reasing pn*ssure; 
these are Li, Ca, and Sr. Bi and SI) were the only oiu‘s prcwaously 
known. Of these Li was a particular surprise, because its ('ompressi- 
bility is so high. The resistance of luiuid as well as solid Li inc'reases 
under pressure. The resistance of liquid Bi, on the other hand, di*t'n*ases 
under pressure, although that of the solid increases. 1 t‘xpected tluil the 
resistance of gallium would also increase under pressure, lu'causi^ this 
substance is abnormal in expanding on freezing, but its resistanci' de- 
creases normally with pressure in both the solid and the licjuid states. 
The effects of pressure on the resistance of Na and K are mucli larger 
than for any other metals, Na decreasing 40 per cent, in resistance under 
12,000 kg., and, K decreasing by 70 per cent. The decretises of tliese 
metals are insignificant compared with that of black fihospliorus, how- 
ever, which decreases to 3 per cent, of its initial resistance under thc' same 
pressure. The change is entirely reversible. The pressure coefficient 
of carbon has opposite signs in the amorphous and graphitic phases. 

In my previous theoretical paper I directed especial emphasis to one 
fact brought out by the previous measurements, namely that the most 
important single factor in affecting the resistance of a metal is witliout 
doubt the amplitude of vibrations of the atoms. It turned out that the 
relative change of resistance under a change of either temi>erature or 
pressure was equal approximately to twice the corresponding change 
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of amplitude of atomic vibration. The relation was fairly accurate for 
all metals with regard to the temperature coefficient (which is nearly the 
same for all metals and equal to the reciprocal of the absolute tempera- 
ture), and was not so exact for changes of pressure, but nevertheless was 
somewhat more accurate than any other relation previously proposed 
for the pressure change. This fact seemed to me to indicate that the 
mechanism of conduction was by a passage of electrons from atom to 
atom through the substance of the atom itself. The atom is to be 
thought of as normally offering no resistance to the passage of the electron 
(super-conductivity at absolute zero), but resistance may be encountered 
in passing from atom to atom. The assumption of paths within the 
atom which are resistanceless need occasion no alarm in these days of 
non-radiating quantum orbits. In fact there may be an intimate con- 
nection between the two. I had called this theory the “gap” theory of 
resistance. Not only the quantitative fact that the resistance varies as 
the square of the atomic amplitude, but a large number of qualitative 
facts also, were in accord with this point of view. These qualitative 
facts were many of them brought into line by the conception that the 
“gap” may function in two ways. At large mean distances of separa- 
tion of the atoms it may happen that passage of electrons from atom to 
atom is made easier by temperature agitation of unusual violence, which 
brings the surfaces of the atoms closer together than normal during part 
of their vibration, whereas at small mean distances of separation, the 
passage of electrons is on the average hindered by temperature agitation. 
Except for the deduction of the expressions for the variation of atomic 
amplitude with temperature and pressure, the theory as hitherto ex- 
pounded was qualitative rather than quantitative. In particular, I did 
not attempt to give any detailed picture of the way in which the gaps 
between atoms might offer resistance to the passage of electrons, or 
what the character of the resistance might be. The theory as previously 
given also made no attempt to explain the Wiedemann-Franz ratio, 
although I pointed out that an explanation was not inconsistent with the 
elements of the theory. 

It is now possible to cast this point of view into quantitative form, at 
least as far as temperature variations of resistance go; the pressure 
changes cannot be so easily dealt with for a reason that will appear later. 

In the first place it is interesting to observe that the proportionality 
of resistance to the square of the amplitude of atomic vibration holds 
also at low temperatures; the previous considerations were entirely 
confined to ordinary temperatures. It has been noticed by Griineisen,^ 

1 E. Griineisen. Verh. D. Phys. Ges., iS» 186-200, 1013. 



after an examination of the best data, that cltnvn to wry low teinpt'ratures 
the quotient of resistance by absolute t(au|H*rature is |»roportiomil to 
specific heat, the factor of propurti<mallty lanni; tliffertait for different 
metals. Let us compare this experimental variation of resistance with a 
variation as the square of the amplitude of atomic viliraticm at low 
temperatures. The specific heat formula whicli best tits the fatis at 
low temperatures is that of Debye. I'his givt^s an tniergy etuitent pro- 
portional to the fourth power of the abstilute tempi nit ure, and of eourse a 
specific heat proportional to tlu* third siiua* tlu* sfHH’itie hi‘at is 

obtained by differentiating the energy. \\V have. tiuTidori*, tlu* ex|)res- 
sions, 

E = At^ and 

where E and C arc the energy and tlu‘ spet'itie Iu*at of tin* atmn respec- 
tively. We may also express the energy of the atom in tiains of its 
frequency and amplitude of vibration, dlus givers the iH|uation 

where a is the amplitude, and v the freijueney of atomii* vibratiem. Now 
differentiate this expresvsion logarithmically with resiu’et to /, giving 

a\dTj„ r v\0tJ„ 

The value of i/i'(3j'/dT)p was found in the j)n'vi<ms paper. Suhstitutinfi 
this value gives 

2 f da\ 4 f t <h<\ 

Adr),~ 

An examination of the previous deduction of i/j'fdr.’dr),, shows that tlu 
connection between temperature and energy did nut enter, so that tlu 
same expression is valid at low as well as high temperatures. But now 
it is an empirical fact that at low temperatures the eonipressihilit) 
approaches a constant value, and that the ratio of the thermal expaasioi 
to the specific heat also approaches a consttint value-. I fence in t he limit 
{Bv/dT)p^lCv{dvldp)^ becomes proportional to (Se/Or),,, and henec 
vanishes. We have, therefore, at low temperatures, 

-(r) =-• 

a\drjp T 

At high temperatures 2la{daldT)„ was also proportional to i/t, but tb 
factor of proportionality was i instead of 4. 

Now our previous empirical observation was that 2 /a(,da/dr)^ give 
the variation of resistance with temperature. Compare this witl 
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Griineisen’s empirical observation. He has 

i?// = BC, 

R = BCt 

= i^Bt*, 

where R is the resistance and B a constant. Hence 

I dR 
Rdt ~ 

which checks precisely with the value of twice the variation of atomic 
amplitude. 

Although we have found a variation at high and low temperatures 
proportional to the variation of the square of the amplitude, we cannot 
set the resistance at all temperatures equal to a constant times the square 
of the amplitude (that is if Gruneisen’s observation is correct) for the 
factor of proportionality changes on passing from low to high tempera- 
ture. The relation of proportionality must therefore fail at some inter- 
mediate temperature. 

Returning now to the task of making the ''gap” theory more definite, 
we in the first place make specific the action of the gap in. imparting 
resistance by picturing precisely the same sort of mechanism as that 
operating during a collision of the classical theory. There cannot be any 
doubt that the electron encounters difficulty in getting free from the 
atopi when the atoms are separated from each other as in a gas, for there 
is a definite ionizing potential, which involves an amount of energy large 
in comparison with that ordinarily available in the form of temperature 
energy of agitation. It is also evident that in some way the electrons 
do get free from the atoms in the solid state, because the solid is con- 
ducting for any E.M.F., no matter how small, and at low temperatures its 
Ohmic resistance vanishes. This means that under certain conditions 
forces may act on the electron when in the act of passing from one atom 
to another, whereas while the electron is passing through the interior of 
the atom no forces act. During the action of a force between electron 
and atom, there is a chance for the transfer of energy from one to the 
other, so that we have a tendency to equipartition. In other words, the 
"gap” produces resistance by interfering with or terminating the free 
path of the electron, precisely as did the '‘collision” in the classical the- 
ory. The amount of interference with the free path will depend on the 
amplitude of vibration, and so the resistance will depend on the ampli- 
tude. Such a picture as this enables us to carry over immediately much 
of the analvsis of the classical theorv. For instance, the classical ex- 





pression for the resistance at once. la iiaiiH*!\ , 



where e is the charge cm the electron, w tlu* ma» ot tlu- ^'lectnai, n tlu 
number of electrons describing paths per cnu^ / tlu- uumu free |)ath o: 
the electron, and v the undisturbed vtdocity of translation of tlu' eUrtron 
Ohm’s law at once follows on the same !nisi> as in tlu* tdassical theory 
Previously I had to leave Ohm’s law unex|)laini*cl, with tmly thi* remarl 
that there was no inconsistency. 

This picture of the mechanism of interfereiu'e with thi- friu* path is sc 
different physically from that of the classical theory, and yvi givc\s sued 
similar results when substituted into tlu‘ mathemat teal expn-ssiom tlui 
it will pay to stop for a moment to iiupiirt* wiiat is c»ur justitieation fcj 
setting up so definite a picture. In particular, we may tnanpare thi 
picture with that of Wien,^ who also has a fret' path nu'clumism of t'on 
duction and Ohm’s law, but imagines thi' electrons interfi'red with ii 
their ^flight by collisions wfith the centers of the atoms. Many facts ar 
equally understandable from either i>oint tsf view , 'bhere are a numbei 
however, which are more naturally explaitied \^y huppt*siug that th 
interference encountered is in passing through tlu* surfat t* from one aton 
to the next. Many of these facts will be givtm lattu’ ; I mc'ution only th 
two most striking. In the first place it is a nnivc*rsid lac‘t that if a metii 
changes form, as by melting, or by a j>oIymorphic transitiem, tlu* phas 
with the smaller volume has the vsmaller resistaiu*e. lliis htdds for a' 
known normal meltings, in which the luiuid lias tlu* largcT volume, an< 
also holds for the abnormal meltings of Bi, SI), ami C *a, in wliicli tli 
liquid has the smaller volume, and also the smaller resistaiu'e. It hold 
also for the normal polymorphic transitions of Zn ami Xi, ami for ill 
abnormal transition of Tl, in which the high temperature phase has th 
smaller volume. Now this is difficult to understand from Wien’s poin 
of view, for it would seem that in the phase with the smaller volimu* tlier 
must be more chance of collision with the atomic centers, and so a higlu 
resistance. The difficulty cannot be turned by su|)pasing lliat the em*rg 
of temperature agitation is different in the tw'o phases, for tlu* specifi 
heat of liquid bismuth is greater than that of tlie solid, and tluTcfciro i 
the liquid the atoms have more chance of ternunatiuK llu* free pat 
both because they are more numerous, and Ijccause their amplitude c 
temperature agitation is greater, so that they effectively cover moi 
territory. On the other hand, the fact that the resistance of the pluu 
^ W. Wien, Columbia Lectures, 1913, 29-48. 
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with the smaller volume is the smaller is most naturally explained from 
the ‘‘gap” point of view simply by the observation that the atoms are 
closer together, and the electrons find it easier to pass from one to another. 
Another fact not readily understandable from Wien’s point of view is 
that the temperature coefficient of resistance of the liquid is nearly 
always less than that of the solid. In some cases it may be very much 
less, or may even be negative, instead of positive. Now the increased 
violence of temperature agitation in the liquid, as shown by the higher 
specific heat, would seem to demand a higher temperature coefficient, 
according to Wien’s view. There is a most natural explanation in terms 
of the gap theory, as has been explained in the preceding paper, or as 
will be elaborated further in the following. 

So much for the mechanism by which resistance is produced, and the 
explanation of Ohm’s law. To get further, we have to know the precise 
manner of variation of n, /, and v with temperature and pressure. The 
classical theory supposed that v was the value given by the equipartition 
of energy, treating the electron as a gas particle, that I was at least of 
the order of magnitude of the distance between atomic centers, and n 
could look out for itself, being determined by the necessities of the 
case. The weaknesses of the old theory are well known. One of the 
most serious is that the n needed to give the observed values of specific 
resistance is of the order of magnitude of the number of atoms itself, or 
even may be considerably in excess, which leads to the insuperable 
difficulty of the specific heat. An n of the same order of magnitude was 
indicated by the application of the theory to the optical theory of metals. 
Many attempts have been made to avoid this difficulty, but as yet 
without success. Nearly all attempts at replacing the classical theory 
have failed in the endeavor to give even an approximate explanation of 
the Wiedemann-Franz ratio. In order that the thermal conductivity 
of a metal shall have its high value, and in order that the Wiedemann- 
Franz ratio may have approximately its experimental value, it seems to 
be necessary to suppose not only that temperature energy is carried by 
the electrons, but that the amount so carried is precisely the amount 
which would be carried if the energy of the electrons were the equi- 
partition energy on the old classical basis. 

Apparently the most promising attempt at another explanation of the 
Wiedemann-Franz ratio is the recent theory of Borelius,^ which does 
give a result of approximately the right magnitude. But although his 
explanation may be mathematically satisfying, I do not think that it 
can be considered satisfactory physically. His explanation is on the 

1 n. ‘RnrAlinc Ann. Phv«.. c:'?. 286. 1018. 
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basis of the Debye theory of heat conduction.^ Delsyt^’s thct)ry is that 
heat is conducted by elastic waves, which are dissipated hy atomic irregu- 
larities. A quantity analogous to the mean frei‘ path may l)e dehned in 
terms of the rate of dissipation, so that the higlua- the rati^ of tlissii)ation 
the shorter the equivalent free path, and the U‘ss the conductivity. 
Debye has applied this theory to insulators, liki^ rock salt, and lias been 
able to account for the experimental fact that the* condiuiivity varies 
inversely as the absolute temperature. Borelius has takt*n ovi‘r this 
theory for metallic conduction, by means of the assumption that the 
amount of energy dissipated at each atom as the t'lastic wavi* passes 
over it is equal to the ratio of the thermal eni‘rgy of the attmi to tliat of 
the electron. This gives a thermal conductivity of the right order of 
magnitude. In combination with his theory of eU‘ctric <‘onduction he gets 
a Wiedemann-Franz ratio of approximatidy tlu* right magnituiU*, and 
with the right dependence on temperatun*. But lu* has m*gli*cted the 
dissipation of the elastic waves due to the atoms. If 1 ><‘bye’s analysis is 
correct, this should be present in the metal as wi*ll as in an insulator, 
and is very much larger than the dissipation supp(jst'd by Bon*lius. 
Hence, taking account of the neglected atomit' dissipation, tin* thermal 
conductivity of a metal would turn out to be actually U‘ss than that <}f an 
insulator, for there is dissipation not only by tlie atoms but also l)y the 
electrons. 

Compared with the classical conception of eonduetion as performed 
by a swarm of electrons playing in the free spaces between the atoms, 
the view at lyhich we have arrived of conduction as perhumicd by elec- 
trons passing freely through the substance of the attuns |)Iares us in a 
much more advantageous position, for it allows the possilality of very 
long free paths (in fact at absolute zero there is no resistance to the 
motion and the paths may be indefinitely long), and hence enables us to 
get along with many fewer electrons. In this wmy the specific heat 
difficulty may be avoided. But in order to account for the facts of 
thermal conduction, it seems necessary to take over the classical idea 
that the electrons are moving with the energy of gas particles at the 
same temperature. 

The theory developed here proceeds on the following assumptions. 
We take over the classical expression (I) for resistance in terms of n, I, 
and V. We suppose that v is the same as that given by the classical eciui- 
partition theory, and we suppose I large enough to avoid the specific 
heat difficulty by allowing a small value of n. We try to deduce from 
our fundamental expression the variation of resistance with temperature 

1 P. Debye. Wolfskehlstiftung VortrSge. B. G. Teubner, 1914, x7»6o. 
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and pressure in terms of the variations of z;, which are given by the classi- 
cal expression, and the variations of Z, which we get from our picture 
of the electrons jumping from atom to atom across a region capable of 
exercising interference with the path. The quantity n we suppose to 
stay constant. One reason for this supposition is that we do not need 
to assume any variation in order to account for the facts. However, it 
does not seem implausible that n should stay approximately constant. 
As temperature is increased, the tendency to an increased n due to the 
increased chance of getting an electron out of an atom by increasing 
violence of collision is counterbalanced by the increasing difficulty of 
getting the electron out of the atom because of the increased distance of 
separation of atomic centers. Or again, it may be that the number of 
migrating electrons is determined by a sort of spontaneous atomic dis- 
integration in the outer part of the atomic structure, over which changes 
of temperature or of pressure can have no control. 

There is evidence as to the magnitude of n given by optical theories 
of metals. We shall for the present merely disregard this. We are 
much more justified in doing this now than we would have been several 
years ago, for quantum theory has made it exceedingly uncertain whether 
we are justified in keeping our old model of a vibrating electron as a 
source of light. Quantum theory has shown, ^ for example, that the 
success of the electron in giving the classical expression for the Zeeman 
separation was due to a quite accidental cancelling out of the factor k 
from the result, and that the factor h will not so conveniently cancel out 
in treating certain other phenomena, as the Stark effect. Furthermore, 
the number of electrons demanded by optical theory must now seem 
impossibly high in the light of our knowledge of the structure of the 
atom, so that we are probably justified in disregarding the line of attack 
from the optical side until quantum theory has become more developed. 

Concerning our assumption of the equipartition value for v, putting 
it equal to V2 (/ct/w), there cannot be much question at moderate tem- 
peratures, so long as n is small enough to avoid the specific heat difficulty, 
but there may be question as to what the limit of temperature is to be. 
It is possible that the classical expression for the energy may hold to 
lower temperatures for the electron than for the atom. Hydrogen or 
helium at low temperatures in the gaseous condition in contact with the 
solid walls of the container continues to have the classical energy, al- 
though this is no longer the equipartition energy as compared with the 
atoms of the solid walls. However, the classical expression cannot con- 
tinue to hold indefinitely to extremely low temperatures, for even a few 

1 A. Sommerfeld. Atombau und Spektrallinien, Vieweg, 1919. 422-440. 



electrons with the classical iau‘i*^y wtJiiUl uhiniati h in.tki' litniljle with 
the specific heat. We will noi ctmceni (nir>i’lvi-N luitltrr with llu‘ situ- 
ation at extremely low teinperatures except tu rent. irk that tlie assump- 
tions of this theory will have to Iw mociitied, am! to imlitmte that such a 
modification is not at all impossible. I'or iusiauce, t!ie t'lrctnm in 
coming from the atom, leaves behiml it a poNiti\rly c harged inn. As 
the electron wanders through the metal it must at some time c'ome again 
in contact with an ion, and may reemnbiiu* wiili it. lluouglumt the 
metal, therefore, there is going on a continuous prcuess o! emission of 
electrons by the atoms and reabsorption. Now the nH*clianism tcf the 
ejection of the electron by the atom withiii tlm solid is sometliiiig which 
we do not understand, but it is not unlikely that it is detiwmintHl fnmi 
within the atom, and is not greatly atTec*tt*d by outsidi* ectuditions, at 
least as far as the velocity of emission is ('oncerni'd. I1u- idcniron may, 
therefore, be expelled with a definite velocity indepmulmit c»f tempera- 
ture. It then travels from atom to atom, and is jcistled alnuit, until it 
ultimately acquires the equipartition entu’gy. din* tinn* recjuired to 
accomplish equipartition may well be less tlu* greatt*r the vittltmci* of 
agitation. Presently, the electron reccunbines with an ion. At low 
temperatures, because of the feebleness of temperatuii* agitatum, it nuiy 
be that the electron is absorbed before it has atapnrtHi the etpnpartition 
energy, or that it has possessed this eiH‘rgy fc»r cmly a rel.uividy short 
time. The specific heat difficulty wall not then appt*ar, atid the tum- 
ductivity will be even higher than that corresponding to ( h’iineiscai’s 
empirical observation, because the mean vekwity will nrd di*tu*eas(‘ so 
rapidly with decreasing temperature. And it is of (anu’sc.* a Uici that 
some metals show superconductivity at extrcunely low tt*m|KU*aturis, and 
that superconductivity is not covered l)y Griineistm s ftuinula. 

So much for the asisumptions with regard to v and h. Now for a 
deduction of the variation of I, the mean free path. 

There is a point implied in our assumption of a long free path winch 
may detain us for a moment. We have pictured the electron as passing 
through the substance of many atoms before its path is arrested. Now in 
a cubic crystal this means that the electronic patlis may be confined to 
three directions mutually at right angles, along the crystalline axes. 
The classical deduction for the expression for conductivity assumes oi 
course that the directions of the paths are distributed at random through- 
out space. Is a specialized distribution in only three directions con- 
sistent with the known fact that the resistance of a cubic crystal is inde- 
pendent of the direction? A simple analysis immediately shows that 
there is no inconsistency here. Imagine the applied electric force making 
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the angles a, / 3 , and 7 with the crystal axes, and find the contribution 
made to the conductivity by the electrons moving along the X axis. 
The component of force along this axis is E cos ce, so that the velocity 
imparted to the electron is smaller by the factor cos a than it would be 
if the force were along the axis. And the component of this velocity 
in the direction of the force is further diminished by the factor cos a, 
so that the total contribution of the electrons moving along the X axis 
is diminished by the factor cos^ a. Similarly the electrons moving along 
the other two axes contribute to the conductivity terms equal to cos^ jS 
and cos^ 7. The sum of the three terms is i, which is thus independent 
of direction. 

On the other hand, there is no necessity in supposing that a single 
free path is straight; the electrons may perform Virginia reels about the 
nuclei of the atoms in quantum orbits. Something of this sort probably 
has of necessity to take place in non-cubic crystals. 

We return to the question of the variation of 1 . For the moment we 
consider that the solid is maintained at constant volume. As tempera- 
ture is increased, the amplitude of vibration is increased, and it may be 
that during part of the vibration the atoms are so far separated that the 
electron cannot pass. That is, when the atoms are in vibration, there 
is a certain chance that the free path of the electron may be terminated 
in the passage from one atom to the next. This chance is a function 
both of the amplitude of atomic vibration, and of the mean distance of 
separation of atomic centers. Call ^ the chance that the path will be 
terminated, r the mean distance of separation of atomic centers and a 
the amplitude of atomic vibration. Then we may expand the unknown 
function in powers of a and write 


iS == fir, 0) + a 


df(r, o) 
da 


provided that a is small, a may be calculated, and it turns out that for 
ordinary temperatures o: is a small fraction of r. Now it is our funda- 
mental assumption that when the atoms are at rest no resistance is 
encountered in passing from atom to atom, provided that the distance of 
separation of atomic centers is not too great, as we suppose it is not for a 
solid. This means that f(r, 0) = o, and we may write 


/3 


df{r, 0) 
cc — ; 


That is, so long as the volume is kept constant, the chance that the path 
will be terminated in passing from atom to atom is proportional to a. 
In unit distance the chance that the path will be terminated is equal to /3 



multiplied by the number of atems in unit leiiKtb, Ki\ uik a etinstant 

times a. Noav the prolialhlity (letiuitit'ii ot the tiu-.u! iVt r path is uu-rely 
the reciprocal of the ehtuu'e tlitit the path will be let uuuateti iu tiiiit 
distance, so that we have :tt once 

/ ('tins! 'ii\ 

To compute the variation <»t* / at cuuhtant mAuiuv ii is Mitliricnt to 
calculate the variation (if a at cemstant xolunus 
Now the variation of a was already etJin|iUf«'ti in tlir |srr\ ii>iis |>aper. 
The expressions there given were lor tlu^ \'ariati«ai o! tt wit It pn*ssure 
and temperature, but of course from tlu se <Ua ivati\ i‘s tlu' th ri^ alive at 
constant volume may at once 1h* ftnuul it Wi* km‘W tlie ctniip!i-.sibility 
and thermal expansion of the substamav 
The computation of the chang(‘ of ampHtudt' is tlu- only plact* in the 
theory into which the (|uantiim hy|M»thesls ex|tlicitly iaiters. The 
assumptions at the basis of the computation were these. Tin* taiergy of 
the atom is the classical amount, kt (so tliat the dedtuiinii dues ina h(»ld 
for low temperatures), the frectuency is a functiem of vcduine only (the 
forces on the atoms are on the average a fniuiion (‘f voltnne <»nly)i and 
the entropy of the atom is the vsame as tlu* (*ntropy of an uh*al linear 
oscillator at the same temperature, which I)y <|nantum c<insidtn'ations is 
shown to be a function of rjif only. 

For convenience of reference the values previcntsly found are reprtuluced 
here. 

a\dr)p 2 t ) J ^ '\lip )/ 

The change of amplitude at constant volume may at enun* lie found 

o^\dr)^ aXdrJp a\dp)r\dr ),/ 

But 

( If 

\ drj^ Kdr/pl 

Substituting this value above gives at once the simple result 

£ / da\ ^ I 

« \ 2 t ’ 

Now let us find the change of resistance at constant volume witl 
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temperature. Our formula for the specific resistance is 

^ “ e^n I 

7.1/2 

= Const “y . 

Differentiating this logarithmically gives 

R\ Bt ) V 2t Z\(9r/T;‘ 

Using the value found for I, in terms of a gives 

f _ l da\ 

Ixdr) a\ dr ) 

and substituting this gives 

l(^^\ _i 

R \ drjv T* 

That is, the temperature coefficient of resistance at constant volume 
is the reciprocal of the absolute temperature. This of course, is in 
accord with the experimental facts. In my preceeding theoretical paper 
I gave the values of i/R(dR/dT)v- The difference between i/R(dRldr)^ 
and I IR{dRldr) p is not large, but is in the direction to make i IR(dRldr) ^ 
even more nearly equal to i/r than ijR{dRldT)p. 

The change from the point of view of the last paper is to be noticed. 
We previously thought of the change of a as the only significant feature, 
and noticed that ijR^dRldr)^ was equal to 2la{daldT)v^ We did not 
see any particular reason why the change of resistance should be pro- 
portional to twice the change of a, that is, why the resistance should be 
proportional to the square of the amplitude, although we advanced 
reasons which made it seem not improbable. Our present expression 
for R demands that we analyze the change of resistance into two effects ; 
one is a temperature effect, due to the term and the other is an effect 
due to the change of Z, which involves the change of a. Now it turns out 
that the change of I with a, which again changes with temperature, is 
of such a nature that the sum of the two effects is as before exactly equal 
to twice the change of a. Hence the previous analytical result stands, 
but our physical analysis is different. 

We now let fall the condition that the volume be kept constant during 
the change, and consider the change of resistance with temperature at 
constant pressure, which is the coefficient usually directly determined by 

: u. r i 1. 






iSttii 

expression for resistance nuiy Ik- rarriVci ihn.tiKh ,i, ,, . . 

difficulty m dcUTmiiiing the <il the ti. , n .1' 

perature, for the condition no iongcr hoI.l^ that the ,,.j * " 

and A the probability of the tennination ; 

IWt equal to a constant times the ainplittuh- hut tlie t t " ' * 

the amplitude is an unk.mwn function of the^ubnue *'l l"'. /'f’'"’" 
any universal assumption as to the depentlence ot 'i „n 1 , , 

separation of atomic centers which seems to h.. n! li 1 > ‘ 

seem that ^ might vary i„ any way with the s,ru‘ ttl . . t’’, *' 

atom, for instance, it is conceivai.le that as tlw .list . 1 

0 atomic centers is increaseti the atoms aeqtiin* roVtii!!','! 
with respect to each other. «« that parts <‘{ ih . «>'<*ve,nen 

brought into opposition which are not so f i\,.i .l.h"' ("'"'tt 
electrons^ The magnitude of this eirwt u ill depen i im itllv" ‘ “ 

ture of the particular atom. Or again as ti e . 
to each other, the ease of passa^re w I t . 

element. The only fact aim, o iP;. «-'v from <dement to 

between atomic centers which it 'e-^*" T-V *'**'”*^ * *’* ‘‘bangiug »|istaiice 
to most elements is the sign- it^’islir. "*'***’ 
closer together at constant amplitude'the e^,'‘^‘’“’ 
and so the mean free path is increased, 

- 

of amplitude. This means that th^ u change 

for changes of pressure than ft chLeltiftT'' 

of these changes was considered in^he nuignitude 

shown that the pressure coefficient nf *f' '>‘‘ 1 '‘t. It was there 
the pressure coefficient of distance 

pressibility), whereas the ‘•'- 

50 to 650 times as great as the temne' amplitu.i.- wa.s from 

tion (linear dilatation). In view fh afuimV nepara*- 

would seem that we are justified fn Uds latter ratio, it 
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Now for all solid metals the second term is small compared with the first, 
and we may neglect it. We may now replace R, the specific resistance 
by p, the observed resistance (that is, the resistance of a piece of wire 
with fixed terminals), since the difference of the two coefficients is equal 
to the linear expansion, which may be neglected in comparison with i /r, 
and obtain as our final approximate result 


This equation, of course, agrees with experimental fact. The usual 
temperature coefficients are always somewhat larger than i /t, which is 
the direction of variation which the above considerations would lead us 
to expect. I know of no theory which gives the departure of the tem- 
perature coefficient from i /r. Wien’s theory is the only one which makes 
the attempt, and this cannot be regarded as successful. Of course the 
classical theory does not account for the temperature coefficient at all, 
but is driven to unplausible assumptions as to the variation of the free 
path with temperature in order to be consistent. 

Now to find the pressure coefficient, we differentiate our expression 
for resistance with respect to pressure at constant temperature, getting 

The only statement which we can make about is that it is at 

least as large as ila{daldp)r, so that we expect the pressure coefficient 
of resistance to be at least as large numerically as {dvj dr)plCv (substi- 
tuting the value found above for ila{daldp)P) and to be negative. In 
the previous paper it was shown that the pressure coefficient is given on 
an average for a large number of metals by 2la{dajdp)r- Our present 
theoi'y leads us to replace this by the statement that there is a lower limit 
one half the value previously found. Now it is true that twice the 
amplitude represented a somewhat better approximation to the average of 
all the results than did the expression of Griineisen, for example, which 
was the best of other theoretical expressions for the pressure coefficient 
of resistance, but there were deviations from it in both directions. It is 
on the other hand true that there are no cases known, either among the 
substances of the previous work or among the new elements of my more 
recent work, except those abnormal metals for which the coefficient is 
positive, and which will be dealt with separately later, in which the 
coefficient falls as low as ila(daldp)r- So that although our present 
theorv is nOt comolete because of the unknown element of atomic struc- 
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ture, it is at least nuHT satisfartMiA tluai ilu'tt*iu,ti .iih *!-».! in i!iat it is 

true without exception. 

So much for the formal eKpros>iun t*! thv !hr.a\ uiih u .:4i«i lu tem- 
perature and pressure changes (*i re>isianee. Uu- rlr.-.h.il e\pi't\ssiun 
for thermal conductivity is to in* taken t»\ar uiilu'i!! i li.iiik,r, aiiil need 
not be written down ex|)licitly. It gbi-N the Miilt-r <4' magnitude 

for the Wiedemann-Fran7. ratit>, but is mU a eiunplrtr r\pir.‘.sii>ii df 
facts because it neglects the part id’ ci»ndutiii»ii dniu* h\ iIh' afuiiis, and 
hence will be expected to fail particularly at luu l<iii|«aai lio s, where the 
atomic conduction l)ecomes Important. 

The theory as outlined is lud incctnsihtent uiili a u it niiun of the 
classical expression for the Peltier lu‘at. hi partu ulai ilir iheoiy is in 
accord with the classical theory in at U‘ast two aspta !% nt ilu nnotdectric 
phenomena. The magnitude of the pia^ssuri’ c*oe!tu ieni of the thiaino- 
electric force would mean, acconiing to tlu* ida>.>it al iht'itrya that the 
number of free electrons does not (dumgi* imu li wiili im ieaNing pii>sure. 
This is in exact accord with the assumptions of our lhr<ny. !•‘ur^her- 
more, the small Peltier heat between a solid and a liepiid metal maki\s it 
likely that the number of free electrons is md gri’all\ dilfmrnt in solid 
and liquid. As will be seen in the following* our tlieory givt'N an aci'ount 
of the difference of resistance hetwanm solkl ami liquid in fetms of a 
difference of free path only, without supp<ising a ditterema^ in tlie mnnlier 
of electrons. Ihere was here a weak point of tlu* idassieal tliem \ , luHaiust’ 
to account for the great difference of conductivity betwoim solid and 
liquid it had to suppose a number of electrons mucli greater in flu* solid 
than in the liquid, which was not consistent with the thernioa*lt*ctric 
phenomena. At the same time I do not believe tliat it is dt*sinible tc 
take over entirely the whole classical picture of the* mi*ehanism of thermo* 
electric action. There are, of course ions as wtdl as wandering elecironi 
present in the metal, and these ions may play a |Kiri in iheritio-eleciric 
action, although because of their relatively small translational videndt} 
their part in conduction may be altogether insignificant. Hiat soim 
such modification is necessary is indicated by the fact tliat tlie tdassica 
expression for the Thomson heat demands that the miinlita- of fret 
electrons increase as the square root of the absolute tem|HTat inv, wliiutam 
we have assumed that the number is constant. Howi‘ver, tin* lliomsoi 
heat is relatively a small matter, and I have not aitemptctl to bring i 
within the range of the present theory. If the aliove considerations an 
sound it ought to be possible to get it in without essentially iiiodifyini 
the mechanism which we have set up to account for coiKluclivity. 

ar as I have got at present with the quantitative develop 
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ment of the theory. Its advantages are obvious. It gives an u;nforced 
and inevitable description of the variation of resistance with tempera- 
ture, predicts the right sign and an important part of the numerical 
magnitude of the pressure coefficient, avoids the difficulty of the classical 
theory with the specific heats while retaining the classical explanation of 
the Wiedemann-Franz ratio, and leaves open the possibility of much 
greater conductivity or even superconductivity at low temperatures, 
which was not possible to the classical theory. Further development 
of this theory seems to demand more intimate knowledge of atomic 
structure than we have at present. 

But in addition to these quantitative facts, the theory is able to 
bring a very large number of facts qualitatively into line, as was empha- 
sized in the preceding paper. In the following I give a survey of the 
new facts brought out by the new experimental work, and the relation 
of the theory to these facts. 

I. The view of conduction as due to the passage of electrons from 
atom to atom through the substance of the atom receives confirmation 
from a group of phenomena not considered in detail in the previous 
paper, namely the phenomena of the resistance of alloys. Alloys fall into 
two main groups, according as they do or do not form mixed crystals. 
Those alloys which do not form mixed crystals solidify by the separation 
of the two components each in a pure condition, so that the solid alloy 
consists of a mechanical mixture of microscopic crystals of the two com- 
ponents. It would be expected that the resistance of a mixture of this 
sort would be the mean of the resistance of its components, and it is 
indeed the experimental fact that the resistance of such alloys can be 
computed by the rule of mixtures. The other class of alloys is one in 
which mixed crystals are formed, the atoms of the two metals entering 
side by side into the same crystal edifice. This is possible because of a 
certain degree of resemblance of the two kinds of atoms. The resem- 
blance is not complete, however, and the indiscriminate use of either kind 
of atom in the crystal edifice is possible only with a certain amount of 
distortion in the final result. It is a fact that most mixed crystals will 
not accept an unlimited amount of the foreign ingredient, but the two 
atoms will crystallize side by side only up to certain limiting propor- 
tions. In the mixed crystal structure we would expect, therefore, a 
certain amount of imperfect fitting between adjacent atoms, with the 
result that the electrons encounter difficulty in passing from atom to 
atom, so that, because of the extra resistance of the '‘gaps” between the 
atoms, the resistance of the alloy is greater than that computed from 
flip rnmnnnpnfQ This is in pxarf accord with the exnerimental facts. 
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3. It has been observed that as the proportions of the components 
change through a series of alloys forming mixed crystals the electrical 
resistance increases in that direction in which the mechanical hardness 
also increases. Now an increased mechanical hardness means an in- 
creased staggering in the positions of the atoms in the crystalline grains, 
so that it is more difficult to produce sliding of one part of the crystal on 
another, and by the same token an increase in the difficulty of the elec- 
trons in making the leap from atom to atom. 

4. In the previous paper a suggestion was made as to the possible 
explanation of the positive pressure coefficient of bismuth and antomony* 
The idea was that the amplitude might increase with increasing pressure 
instead of decreasing as normal. It was shown in that paper that the 
fact that both metals expand on freezing indicates that there is a certain 
relative position of the atoms in which the repulsive forces are unusually 
large at an unusual distance of separation, and that the atoms crystallize 
in this relative position. From a grossly material point of view this 
may be expressed by saying that the atoms have knobs, and that the 
metal crystallizes with the knobs in contact. On the average, except 
for these knobs, the bismuth atom may be much like that of other metals. 
The fact that the repulsive forces are unusually large at an unusual 
distance of separation of the atomic centers is compensated for by an 
unusually slow decrease of the repulsive force as the distance between 
atomic centers is decreased. This slow change of the repulsive force 
was shown in the preceding paper to be consistent with a decreasing 
frequency of atomic vibration as the centers are brought closer together, 
and hence consistent with an increasing amplitude with increasing 
pressure. 

This view receives interesting numerical confirmation from recent 
work of Grtlneisen^ on the equation of state of solids. He has shown 
that it is possible to a good degree of approximation to explain the 
behavior of solids by supposing that at least over a small range the 
forces between atoms are represented to a sufficient approximation by the 
expression 



where the first repi'esents a force of attraction, and the second a force 
of repulsion. In general m will be much larger than 2. Its magnitude 
will give an idea of how rapidly the repulsive force increases as the atoms 
approach. Griineisen gives an equation for m in terms of atomic volume, 
atomic heat, thermal expansion, and compressibility. It is not necessary 
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to reproduce the expression here. Griinciseu finds that m Naries for 
normal metals from 7-5 ^r iron to 15-6 for gold. If %ve apply ( -.riineisen’s 
formula to bismuth and antimony we find that in loi the hit lei is 
and for the former 4.5, both very much less than for normal metals. ( )ur 
point of view is confirmed, therefore, that the repuIsi^■e forces in bismuth 
and antimony increase more slowly than normal as the distance between 
atomic centers is decreased, and therefore vve ha\e the po.ssibility of an 
increasing amplitude with increasing pressure and so an increasing 
resistance. 

5. The fact that the temperature coeflicients of solid liisnmth and 
antimony are normal is quite in accord with our \'iew, loi with lisiiij;’ 
temperature we have seen that the effect of temperature on inert'asing 
amplitude quite overshadows any pure volume efi(‘Ct, so that we would 
expect the temperature coeiSicients of all metals to l)e nc^arly tlie same, 
irrespective of the behavior of the pressure coefiicient. 

6. The fact that the pressure coefficient of licpiid bismutli is normal 
in being negative is significant. It indicates that the positive^ co(‘fli('it‘nt 
of the solid is in some way connected with the crystalline structun^. 
The picture which we have given of the mechanism of the i>osi(ivt‘ coc‘f- 
ficient of the solid has this property, for we have ascrihc‘d the increasing 
amplitude with increasing pressure in the solid to the fact that the atoms 
are held in fixed orientations with respect to eacli other, and that in 
this particular orientation the forces are alinormal in character. Such a 
fixity of orientation is possible only in the crystal. In the licpud t lie re 
is no definite relation of orientation, the localities of abnormal force play a 
relatively unimportant part, and the liquid liehaves normally. Not 
only is the pressure coefficient of liquid bismuth normal, but the tempera- 
ture coefficient is also normal for a liquid, and is less than that of tlie solid, 
and less than the reciprocal of the absolute temperature. 

7. It was shown in the previous paper that the alinormality of force 
between the atoms of bismuth made possible a crystal with abnormally 
large volume, and hence a crystal which expands on freezing, liy analogy 
I was prepared for a positive pressure coefficient in gallium, whicdi is also 
abnormal in expanding on freezing. The facts are the oppositi% liowever, 
and the pressure coefficient of gallium is negative, as is normal. Our 
previous argument was entirely qualitative, however, and meri'ly indi- 
cated the tendency toward an increasing amplitude witli increasing 
pressure without setting up a criterion as to whether the tendency might 
be strong enough to counteract the normal tendency in the opposite 
direction or not. In the absence of a definite criterion therefore, we 
have onlv the rie-ht to exnect the sj^iTne tenrlenrx/ in rffillinm wifliAnt 
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actually being sure whether the tendency will be strong enough to make 
the coefficient positive. Now as a matter of fact, if the expected magni- 
tude of the pressure coefficient is calculated by the method of the previous 
paper, it will be found that the discrepancy for gallium is greater than 
for any other substance with negative coefficient, the calculated value 
being about twice the observed value. This means that the pressure 
coefficient is much less than we would expect from the behavior of normal 
substances, so that here we evidently have the tendency which we are 
looking for toward a positive coefficient. 

In other respects the behavior of gallium is as we would expect. The 
temperature coefficient of the solid is normal, and the temperature coef- 
ficient of the liquid is also normal in being less than that of the solid. 
Furthermore, the pressure coefficient of the liquid is normal, and is 
greater numerically than that of the solid, as we would expect, because 
the tendency to abnormality in the solid is due to a particular orientation 
of the atoms, and this disappears in the liquid. 

8. The behavior of lithium is of a type not shown by any other sub- 
stance yet known. Its pressure coefficient is positive in both solid and 
liquid, and the coefficient of the liquid is greater than that of the solid. 
The tempei'atiu’e coefficient behaves normally. Furthermore, the melting 
of lithium is normal, in that the liquid has a larger volume than the solid. 
The data seem not to have been previously determined. In the paper 
on new resistance data will be found the melting data for lithium which I 
determined for this particular purpose. I have followed the melting 
curve up to 8,000 kg., and it seems normal in every respect. Our picture 
of the mechanism of conduction in lithium must probably, therefore, be 
different from that of bismuth or antimony or gallium. It is of course 
possible that the explanation of the abnormal coefficient follows on the 
same lines as for other metals, namely an increasing amplitude of atomic 
vibration with increasing pressure. If this explanation is adopted, the 
abnormality of the atom must not be thought of as confined to certain 
localities which function only in the crystalline phase, but the abnor- 
mality must be one of the atom as a whole, for the liquid as well as the 
solid is abnormal. This is not an impossible view, for if m be calculated 
for lithium by Griineisen's formula, the value 5 will be found, which 
is low compared with most other metals, but is not low compared with 
bismuth and antimony. But now the question arises as to the interpre- 
tation to be put on the value of m. m itself merely is a measure of the 
rapidity with which the repulsive force increases as the atom is ap- 
proached. A low value may be due either to an abnormality of a par- 
nf tViA iitnm. Pis we have siinnosed the case with bismuth 



i 82 


P. W. BRIDCMAX. 


Second 

Series. 


and antimony, or it may indicate that the atoms are separated hy more 
than the usual distance, and the repulsive foret* is not important. We 
would expect the latter view to be more lunirly eorrini for substances 
which are very compressible. This seems indicaittHl In- the laid that m 
is as small for the very compressible elements sodium and |H>tassinm as 
it is for lithium, and sodium and potassium ha\‘e vi‘ry !arKi‘ negative 
pressure coefficients of resistance. Now Hlhium is also <me of tlu‘ most 
compressible metals. It seems likely to me that tlu* low value of w is 
more probably connected in some way with the higli aunpressil^ility than 
with an abnormality which might result in an ima*i*asing am|>litude of 
atomic vibration with increasing pressure. 

Now there is a picture of conduction olTered by tlu‘ theories of Wleid 
and Lindemann^ which gives an alternative explanation, whitii may 
quite probably be correct for this particular sulKstaiua*. llieir |>i(dure 
is of electrons as well as atoms located on a sjjact^ franuavork, and of the 
space framework of electrons moving Ixxlily through tlu‘ framework of 
the atoms when an external force is applied, dlie mean frei‘ path of 
the electrons in this motion is interrupted by collisions with the mu'lei 
of the atoms. This picture means a positive presstire eoetheiimt of re- 
sistance for most substances, for as pressure is iiuTt^asixl tlu‘ elmmu*ls of 
passage of the electrons become more restrictcxl. The rt^ascm for this is 
that the closing in of the channels because of the det'n'asing distaru'e 
between atomic centers more than xieutralizes the ofxaung of thi‘ chanm^ls 
because of decreasing amplitude of atomic vibration. This is in s|>ite 
of the fact that the relative change in atomic amplitude is miK*h greater 
than the relative change in the distance between atomic ccaUers, l)i*c'ause 
the distance between atomic centers is absolutely much greater than the 
amplitude. It will be found as a matter of fact that if the relative 
magnitudes of atomic distance and amplitude and of tlie c*!uingi*s of 
atomic amplitude and distance with pressure be calculated for lithium, 
Wien and Lindemann's picture would lead us to expect a positive prt‘ssure 
coefficient. Evidently the positive pressure coeffudent suggested l)y this 
picture remains true for the liquid state so long as the electrons continue 
to move between the atoms. 

Apart from the argument from the pressure coefficient, this picture 
of Wien and Lindemann seems to have a particular probability of being 
correct for lithium because of its atomic structure. The structure is a 
simple nucleus consisting of a central positive charge and two electrons 
rotating about it, and a single other electron connected in some way with 
the nucleus at a relatively large distance. If the superficial electrons of 

^ F. A. Lindemann, Phil. Mag., 29, 127-140, 1915. 
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the atom are ever to arrange themselves into a space lattice, it would 
seem that here is their chance. 

The fact that the pressure coefficient of liquid lithium is larger than 
that of the solid is simply explained as due to the greater compressibility 
of the liquid. The compressibility of the liquid has never been measured, 
but there is no case known in which the liquid does have a smaller com- 
pressibility than the solid, and furthermore the behavior of the melting 
curve, its direction of curvature, and the direction of the difference of 
volume between solid and liquid, makes it almost inevitable that the 
compressibility of the liquid be greater than that of the solid. 

The fact that the pressure coefficient of resistance becomes greater at 
higher pressures is also intelligible from this point of view. The channels 
through which the electrons slip are the spaces which’ are left between 
atomic centers after the inpenetrable nucleus has been subtracted. 
Hence a given proportional decrease in the distance between atomic 
centers will mean a greater proportional decrease in the channel when the 
atoms are close together (high pressures) than when they are further 
apart. 

9. On the other hand, the increase of the pressure coefficient of bis- 
muth and antimony with increasing pi'essure is at least perfectly con- 
sistent with the picture presented of their conduction as performed by 
electrons passing through the atoms instead of between them. If refer- 
ence is made to Fig. i of the previous theoretical paper it will be seen that 
it is quite possible that as the atomic centers approach the restoring 
force per unit displacement becomes weaker. In fact such a behavior 
is inevitable at some value of the volume, but we have no criterion for 
deciding whether this takes place at a volume greater or less than the 
volume at which the crystal is stable. Now such a weakening of the 
restoring force when the volume decreases means an amplitude of vibra- 
tion becoming progressively larger at the higher pressures (smaller 
volumes), and hence a pressure coefficient increasing with increasing 
pressure. 

10. The pressure coefficients of calcium and strontium were also found 
to be positive. It is difficult to decide from the data at hand whether 
this is more probably due to the lithium or the bismuth type of mechan- 
ism. The melting data are not known for either of these metals, so that 
we do not know whether the liquid or the solid has the greater volume. 
Neither are the data known for the effect of pressure on the resistance 
of the liquid. It is true that the value of the ''m'' of the atomic force 
calculated for calcium is somewhat lower than for the ordinary run of 
metals, being- 6. but the compressibility of calcium is also high, and the m 
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for strontium is distinctly high, being <). 5 - !> i>. < t <■> .111 m-, pr, ,! -able that 

the mechanisms of calcium and stroutiuiu aiv tin- hauif, btratiM' <il' thoir 
similar positions in the periodic table. 1 belit %e that at piesint the 
probability is in favor of the lithium rather iliau the biMiiuth type of 
conduction. The melting data wouUl br* a gnat ludp tt*v\aui this 
decision. 

II. There is an interesting relation l)et\veeu tlu* ti niperaUnv coef- 
ficients of solid and liquid lithiuin. At the iiu^ltinK puuit ui lithium, 
180°, the temperature coefticient of the stolid is o.oow^si Uthfained hy a 
linear extrapolation of the resistances at o"‘ and lou and therefore 
somewhat uncertain, but the best that we can did, and fhe ctifiiieient of 
the liquid is 0.00150. The ratio of these l\vt> <‘<ieliit ii nls is i.inu which 
is almost exactly the ratio of the specific resistance* v{ tin* Hipiid to that 
of the solid at the melting temperature, for whicdi 1 tmind the value l6B. 

This can be easily understood in the light cd’ Wien and Lindtanatufs 
picture. The resistance of the lupiid is higher than that td tin* solid 
because the regular channels between tlu* atoms are broken up by the 
haphazard arrangement of the atoms in the liquid. Now this lactor of 
random arrangement of the atoms in the li(|uid is one that will |HTsist 
at all temperatures, producing a permanent difiVieme of resistance 
between solid and liquid. This can be given mathemat ical i'Xpressitm. 
Write the equation 

+ AR, 

where is the resistance of the liquid, R^ tlie resist*uu*e of tht* solid, 
and AR the increment of resistance on passing fnuu solid to litpiid. 
Now differentiate with respect to the temperature 

I dRi^ _ JL I dAR^ 

R^ dt ^ Rj, ^ Rs dt ^ R ,, ' AK di ‘ 

If the experimental relation 

i?L dt Rj^ lig di 

is to hold, then we must have dARjdt « 0. That is, the* inenunent of 
resistance when the solid passes to the liquid is indi‘peiHlent of tem- 
perature, which is what our picture suggested. 

12. The same relation between the temperature coedheient cd the solid 
and the liquid holds for some other metals. Thus for sodium at the melt- 
ing point at atmospheric pressure I found for the coefficient of tlie solid 
Q.00414, and for the liquid 0.00310. The ratio of these is 1.34, and I 
found experimentally the ratio of the resistance of the licpiid to that 
of the solid to be i.as. Mercurv has laro-Aet rot Jo Otr fllft 
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ratio of specific resistance of liquid to solid, and we would therefore 
expect an unusually small temperature coefhcient for the liquid. It is 
in fact unusually small, being only 0.00090 at 0° C. If we assume that 
the coefhcent of the solid is i /r, we find for its coefficient at the melting 
point (““ 38.85°) 0.00409, and for that of the liquid at the same tempera- 
ture 0.000934. The ratio of these is 4.38 and the ratio of the resistance 
of the liquid to the solid found by Onnes^ is 4.22. On the other hand, 
the relation breaks down for solid and liquid potassium. I find that the 
temperature coefficient of the liquid is actually slightly greater than 
that of the solid at the melting point, which is abnormal, whereas the 
resistance of the liquid is 1.56 times greater than that of the solid. It 
might be mentioned that my figures for the temperature coefficients of 
solid and liquid do not agree with those of other observers. The values 
of Northrup’- are most favorable to the hypothesis being urged here. 
He makes the coefficient of liquid potassium less than that of the solid, 
but the ratio of the two coefficients as found by him is only 1.27, whereas 
the ratio of specific resistances would demand 1.56. 

The only other metals for which I have determined the coefficients, 
namely bismuth and gallium, cannot possibly satisfy the relation because 
the temperature coefficients of the solid are greater than those of the 
liquid, as is normal, but the resistance of the liquid is less than that of 
the solid. This is because of the abnormal volume relation, so that we 
are not surprised that the relation breaks down. 

There are also some data of Northrup^ for other metals. For gold 
his data give a ratio of the temperature coefficients at the melting point 
of 2.15, and he found for the ratio of the resistances 2.28. 

Now with regard to the explanation of this relation between the tem- 
perature coefficients, our point of view would lead us to expect an invari- 
able element, unaffected by changes of temperature, in the relative 
resistances of solid and liquid, and hence, according to the analysis, a 
ratio of the coefficients equal to the inverse ratio of the resistances. 
When the solid melts to the liquid the atoms lose their regular mutual 
arrangement, which becomes haphazard. In passing from atom to 
atom in the liquid the electrons cannot avail themselves of particularly 
favorable localities, but must use the average of the entire atom. This 
element will be a permanent difference between solid and liquid, un- 
affected by changes of temperature. However, the relations are so com- 
plicated that this can be only part of the picture, and in fact the relation 

1 K. Onnes, Kon. Akad. Wet. Proc., 4, 113-115, 1911. 

2 E. F. Northrup, Trans. Amer. Elec. Chem. Soc., 20, 185-204, 1911. 
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does not always hold. There is a specific elTect (lu<‘ to tin* “r’’ term in 
our formula for resistance. This may to some exttmt neutralized by 
the tendency of the “gaps” in the Ikpiicl condition to function in the 
second way, decreasing instead of increasing the rt‘sistanci* with increasing 
amplitude. Furthermore, it is not certain to what exttml (uir (U'duction 
of the variation of amplitude with temperature and pressurt^ is valid for 
the liquid. We assumed that the energy of atomic vihratiem was either 
potential^ or else kinetic energy of to and fro motion. Now in tlie liquid 
there is probably some rotational energy as well. Mlie t‘xa(i relation 
between the translational and the rotational energit^s in tlie lic|uid is not 
yet clear, so that we do not know how large an efTect to expect on this 
account. It seems evident, however, that tlu‘ diretaion of the effect 
will be to decrease somewhat the temperature coefficient of amplitude, 
because part at least of the energy will be rotational, and tlierefore the 
translational energy, and so the amplitude, cannot incriuise as rapidly 
with increasing temperature as if we had suppostnl all the energy to be 
translational. 

The entire theoretical significance of this observation as to the ratio 
of the temperature coefficients of solid and liquid may tlu*reft»re not yet 
be completely clear, but at any rate the oliservation itself is to lie kept 
in mind. I am not aware that this relation has lieen jireviously noticed. 

13. The considerations of the last section have an api)lication to the 
temperature coefficient of resistance of the licjuid at high temperatures. 
Write the formula for the resistance in the form 

J?jc, = const 

Now the free path, 1 ^, is inversely proportional to the chance, 0 , tliat the 
free flight of the electron will be terminated in passing from atom to 
atom. Let us analyze this chance of termination into two parts. One 
will depend on the haphazard orientation of the atoms witli res|H‘et to 
each other, and will be independent of temperature, and tlie otlier will 
depend on the amplitude, and will, as before, be i>roportional to the 
amplitude, if we can neglect the pure volume effect, and tlte tendency 
of the gaps to function in the second way. Hence we may write 

^ = -Ai + Aaoj, 

which gives 

Rl = const + a). 

Differentiate this with respect to the temperature, giving, 

I djRj. ^ I q; 

Rt dr 2t zl 4- /V 
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Hence we see that at high temperatures, where a is large, the temperature 
coefficient again approaches i /t, although at lower temperatures it is 
less than i/r. These considerations apply only to those liquids for which 
the functioning of the gaps by decreasing resistance at large distances of 
separation may be neglected. Now there are liquids for which this last 
factor is certainly important, as zinc and cadmium, whose temperature 
coefficients immediately after melting are negative, but there are other 
liquids, as tin and lead, whose resistance in the liquid shows no peculi- 
arity. The resistance of these liquids increases linearly with the tem- 
perature. In fact the linear increase of the resistance of tin is so striking 
that Northrup and Suydam^ have proposed this as the basis of a re- 
sistance thermometer. Now it is evident that the temperature coefficient 
of any metal which increases linearly in resistance with temperature 
must eventually become equal to i /r, according to the above formula. 

14. The very large difference of resistance between solid and liquid 
mercury is striking, particularly in view of the fact that the change of 
volume on melting is not larger than usual. This would suggest that 
the structure of the mercury atom is such that the element of haphazard 
orientation is particularly important. This element we saw has a 
tendency to constancy. Consider now the variation of resistance with 
pressure. I found experimentally that the pressure coefficient of the 
liquid is less numerically than that of the solid, a somewhat unexpected 
result. Write 

= + AR. 

Differentiate with respect to the pressure 

J^l\ ^pJr Rl' Rs\ A ’ ^R\ dp A* 

This equation shows at once that the experimental relation 
-RxV dp Jr Jis\ dp Jr 

demands that 

I ( dRs \ 

AR V dp Rs\ dp Jr ’ 

which is what our picture led us to expect. Notice that we have dis- 
regarded the pure volume effect, so that these considerations would not be 
expected to apply to a highly compressible metal. Mercury, however, is 
relatively incompressible, and the considerations have a certain force. 

15. A similar consideration applies to the pressure coefficient of alloys. 
The pressure coefficient of resistance of the alloys of the relatively in- 
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compressible metals is usually less than that ta the iumipuiuaits. This 
is to be ascribed to a relative insensitiveness tu presMiia* ot tlu‘ feature 
which is responsible for the increast‘(i resistam'e nt tlu* alloy. This 
feature is the failure of the exact rej;ister of the iliffen iit kinds atoms, 
and this feature will be insensitive to pn‘ssun* unless thv at<inis them- 
selves are highly deformable. The data iov all(»ys art* wry n'strieted, 
and it is not known how the alloys of such very (‘ompressililt* nu‘tals as 
sodium and potassium would behave umka* pn^ssure. 

16. The same considerations also show wlty the ratio resistance 
of solid to liquid is relatively constant along the melting curve. For 
the six substances which I measured this ratio suiii’red relatively little 
change, although the accuracy of the measurcmuait was not as great as 
desirable in some cases. This constancy is to be aseril>ed to tht‘ fact 
that the effect of haphazard orientation in tlu‘ liciuid as opposed to the 
regular arrangement in the crystal is an intrinsic' ditlVreiu'c* Ijetw'ecm solid 
and liquid, and is not affected by temperature aud prosun* ('hungers. 

17. In my previous paper some significanc'c* was attacduHl to the fact 
that the temperature coefficient of liquid mercury at c'onstant volume is 
negative. This was ascribed to the second mamu*r of fiuu'tioning of the 
gaps at the increased volume of the liquid. U was suggc*sted tliat sucdi 
might be found to be the case for all Ikiuid metals. At tin* satuc‘ time 
there was no necessity in the suggestion, and tliere was ito criterion 
which could show whether the second manner of functioning of the gaps 
would be more important than the normal nuUhotl for otlu'r intUals or 
not. It appears that this is not the case for the new metals. Tin* (‘ompu- 
tation could be made only for sodium, potassium, and bismutln The 
values of the thermal expansion are not knowm for liciuul gallium. Inir 
lithium, because of the abnormal pressure coefficient of tlu* Ii(|uid, the 
temperature coefficient of the liquid at constant volume is evtm larger 
than at constant pressure, and is of course positive. I'he c'omputation 
for the three metals above is somewhat uncertain be('‘ause the com- 
pressibility and thermal expansion of the liquids are not kmmui with 
any great accuracy. A discussion will be found in the new AmcTican 
Academy paper. I find for sodium that the coefficient at c'onstant pres- 
sure is 0.00325 against 0.00170 at constant volume; for potassium the 
respective coefficients are 0.0044 and 0.0025, and for bismuth they are 
0.000475 and 0.000015. The uncertainty in the fundamental data is not 
so great but that there can be no doubt that the coefficients at constant 
volume of both liquid sodium and potassium are positive, but there may 
be considerable question in the case of bismuth. 

Sodium and potassium are among the most compressible and ex- 
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pansible of the elements, and it is perhaps not surprising that for them 
the amplitude continues to function in the normal manner. The example 
of bismuth makes it not unlikely, however, that the coefficient at con- 
stant volume of the ordinary liquid metals may be negative, as it is for 
mercury, instead of positive. It is in any event significant that the 
difference between the coefficients at constant volume and constant 
pressure of all the liquid metals is greater than the difference for the 
solid, so that the tendency of the gap to function in the second way is 
manifest. 

The second manner of functioning of the gap in liquid mercury may 
at first seem inconsistent with the relative constancy of the gap under 
pressure, which we invoked to explain the pressure coefficient of the 
liquid being less than that of the solid. But it is to be remembered 
that a change of temperature is always more effective than a change of 
pressure (compare the magnitudes of the compressibility and the dila- 
tation) so that the two facts are not inconsistent. It is also to be kept 
in mind that tlie difference of compressibility between solid and liquid 
mercury is abnormally small. 

18. The behavior of the alkali metals sodium and potassium is of 
interest because of the uniusual magnitude of the effect, and demands 
special discussion. 

In the first place I may mention in the interest of candidness that I 
had anticipated a possible positive pressure coefficient for potassium on 
the basis of the similarity of the structure of its atom to that of lithium. 
According to Langmuir’s picture,^ lithium consists of a positive kernel 
surrounded by one shell, with a single electron outside that shell, whereas 
potassium consists of a positive kernel, two surrounding shells, and a 
single electi'on outside the two shells. This similarity would seem to 
give some justification for the expectation of a positive pressure effect. 
However, the facts are the exact reverse. Not only is the pressure 
coefficient of potassium negative, as is normal, but it is larger than for 
any other metal as yet measured. It would seem, therefore, that the 
greater size of the central portion of the atomic structure of the atom of 
potassium prevents the arrangement of the superficial electrons in a space 
lattice, or at least is not favorable to the ready mobility of such a lattice, 
if it exists. The mechanism of conduction in the case of potassium is 
probably normal, in that the electrons pass through the substance of the 
atoms. It must be said, however, that potassium is abnormal in several 
respects. My measurements make the temperature coefficient of the 
liquid at the freezing point greater than that of the solid, and the pressure 

^ I. Langmuir, Jour. Amer. Chem. Soc., 41, 868-934, ipip* 
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effects are abnormal in that the coefficient (»f tlu‘ lic[ui<l <lt‘creases with 
increasing temperature. It is therefore not inipossihU* tliat part of the 
mechanism of conduction of potassium is abnormal. 

If the expected magnitude of the pressure coeftlciiuits of sodium and 
potassium is computed on the basis of tlu‘ preca^ding paptu* from twice 
the pressure coefficient of amplitiuks it will Ik* found in botli (‘ases that 
the computed values are very much too small. Thv obserxial (‘oefficient 
of sodium is 1.75 times the computed, and the (»bs(‘rvi‘d \alue for potas- 
sium is 2.4 times that computed. According to onr vitav, this nu‘ans an 
unusually large volume effect in addition to tlu^ amplitiuU' efftai. Now 
not only are the compressibilities of sodium and {x^ta.ssium among the 
highest of the elements, but the change of atomic distanci’ with lua'ssure 
is an unusually large fraction of the change of atniditiuU', so that for this 
additional reason we would expect a large volunu^ effeti. !f th(‘ ratio 
of the pressure coefficient of amplitude to the (Coefficient of linear c'om- 
pressibility be computed, by the use of formulas aln^ady gi\a‘n, tin* values 
3.8 and 3.6 will be found for sodium and potassium resptni ively. I'his is 
unusually small, we have already seen that the* run of values for the 
ordinary metals is from 6 to 9. Lithium is the only imial which is 
markedly lower, and for this the ratio is 0.95, but sinct* its (conduction 
mechanism is abnormal, we need not consider it further. It is, then, 
just for such metals as sodium and potassium that our i>ictun‘ would lead 
us to expect the largest discrepancy between the amplitudt‘ ami the 
total effects, and it is just here that we find them. 

Sodium and potassium are also unusual in the large (ie('r(case of the 
pressure coefficient with increasing pressure. Between atmospheric 
pressure and 12,000 kg. the instantaneous coefficient of sodium has de- 
creased by a factor of 2.5, and that of potassium Iry 2,6. In the previous 
work the largest decrease was for lead, with a factor 1.3H. The large 
decreases for sodium and potassium are evidently connected with the 
unusually high compressibilities. It is a universal result of experiment 
that those substances with a high compressibility show not only an unusu- 
ally large absolute decrease of compressibility with rising pressure, but 
the relative decrease is also unusually high. The actual data have not 
been determined for sodium and potassium, but we have every reason to 
expect that the same will be found to hold for them also. This means 
that the volume effect becomes relatively less at high pressures, and that 
the pressure coefficient decreases by an unusually large amount. 

In addition to the unusually large decrease of pressure coefficient with 
increasing pressure, there is an unusually large change of the coefficients 
with temperature. The pressure coefficient increases with rising tempera- 
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ture by an unusually large amount, whereas the metals of the previous 
paper showed relatively little change with temperature. The coefficients 
of sodium at atmospheric pressure increase by a factor of I.i8 between 
0^" and 8o°. The corresponding comparison cannot be made for potas- 
sium, because it is not solid over a wide enough range, but a comparison 
of the results at higher pressures shows that the change for potassium 
is even more rapid than for sodium. Of course a mathematical cons- 
quence of a pressure coefficient changing rapidly with temperature is a 
temperature coefficient changing rapidly with pressure. This effect again 
can be explained on the basis of the volume effect. Sodium is unusually 
expansible at atmospheric pressure, and we would expect a temperature 
coefficient considerably greater than that computed on the basis of the 
amplitude effect alone, that is, a coefficient greater than i /r. And as a 
matter of fact, the average coefficient of sodium between o° and ioo° 
is 0.00475, larger than i/r by an unusual amount. Now at higher 
pressures, although the actual measurements have not yet been made, 
it is exceedingly probable that the volume expansion will show an un- 
usually large decrease, and that sodium will approach more nearly the 
behavior of the more staid metals. The behavior of the temperature coef- 
ficient is in entire accord with this expectation, at 12,000 kg. it has 
dropped from 0.00475 0.00408, a value still somewhat larger than i/r, 

but not any larger than for many of the other metals at atmospheric 
pressure. 

These considerations would lead us to expect the temperature coef- 
ficient to become not less than i/r for any pressure, no matter how high, 
as long as the atomic vibration continues to function in the normal way 
in decreasing the probability of an undisturbed flight of the electron. 
It is conceivable that at exceedingly high pressures the atom itself may 
become so much compressed that a moderate amount of temperature dis- 
turbance is not sufficient to interfere at all with the chance of passage of 
an electron from atom to atom. The kinetic energy of temperature 
agitation in such a solid would consist in a quivering of the nucleus 
within the outer structure of the atom, which is prevented from much 
superficial motion by the close packing of the adjacent atoms. This 
state of affairs demands an unusually small thermal expansion. If such 
a state of affairs should occur, we might expect the temperature coef- 
ficient of resistance to become less than i/r. Now this is actually what 
does occur with potassium. Its mean temperature coefficient between 
25° and 60° decreases from 0.00454 at atmospheric pressure to 0.00184 
at 12,000 kg., the final value thus being much less than i/r. This specu- 
larinn is mnst attrarfive. hnt more weiiTht cannot be attached to it until 
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the dilation of potassium has been measured at high pressures. It may 
be said that if, this effect is to exist anywhere, it has the liest chance with 
potassium pfthe metals measured, since it is l)y far the nujst t'<mii)ressihle. 
Potassium is a Ijrifle more than twice as compressible as tlu‘ nearest metal 
spdium. An^'in further support of this view it may be uotici'd that the 
temperature coefficient of potassium at 6,000 kg. has dropped only to 
0.0034, and it is therefore still a little higher than i/r (r — 2()8° Abs.), 
so that the decrease of the temperature coefficient bta'oines iiuTi'asingly 
rapid at higher pressures, a most unusual beha\'ior for a {)rt‘ssurt‘ eff(‘ct. 
In caution it may be said that the experimental accurac'y in ck'tcrmining 
the variation of the coefficients of potassium was not so higli as for some 
other substances. It will be most interesting to attenii)t the vmific'a- 
tion of this observation on csesium, wdiich is almost twice as ('ompn\ssible 
as potassium. 

If this observation should be justified by the measurements of tliermal 
expansion, it would be a further most important verification of the view 
that the free flight of the electrons is interferred with during the i)assage 
from one atom to another, and that the interference is not dui‘ to the 
vibration of the nucleus, for the temperature agitation of the nucleus 
must continue to exceedingly high pressures. 

19. The new data cover the non-metallic elements carbon and phos- 
phorus (black). It is probably too early to extend this theory to all 
non-metallic substances, but it is interesting that in two imiiortant i)ar- 
ticulars the behavior of carbon and black phosphorus is what we would 
expect. We have thought of the gaps between atoms as fumdioning in 
two ways. Normally in metals the electrons lea}) easily across the gai)s, 
and their passage is made more difficult by temperature agitation. The 
gaps, when in this condition, have a low specific resistance. But wlien 
the atoms are separated by more than the usual amount the electrons 
usually find difficulty in leaping the gaps, which are thus of high specific 
resistance, but the passage may be made more easy by iiicreasing violence 
of temperature agitation, which brings the atoms closer together during 
part of their vibration. If the gaps are on the average in this sec'ond 
condition, we expect a high specific resistance for the substance as a whole, 
and a negative temperature coefficient of resistance (at least at constant 
volume, and presumably at constant pressure). Now these are the facts 
for both carbon and black phosphorus. Their specific resistance is much 
higher than that of any metal, but their temperature coefficient is 
negative. 

It is also natural to expect that in such a substance the effect of pressure 
will be to drive the gaps from the second condition to the first as the 
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phorus. The pressure effect is larger than for any sulwt^^, 

is so large that at 12,000 kg. the resistance is only 3 per^teof 
at atmospheric pressure. Even after this enormous decrmse the 
sistance is still much higher than for metals. The specific resistance of 
black phosphorus normally is i ohm per cm. cube, and therefore at 
12,000 kg. it is still 0.03. The temperature coefficient at 12,000 kg. is 
still negative, but has dropped numerically from 0.0058 to 0.0030, which 
is in the direction to be expected as the resistance approaches that of a 
metal in character. The pressure effect on black phosphorus is different 
in another respect from that of metals, in that the relative coefficient 
ilR(dRldp)r is very nearly independent of pressure. We saw that for 
metals this coefficient decreases with increasing pressure, and we gave 
as the explanation the decreasing compressibility with increasing pressure. 
It is evident that the mechanism is different in the case of black phos~ 
phorus. A constant coefficient would mean that a constant increment 
of external pressure always drives the same fraction of the total number 
of gaps from the second into the first group. We would expect this 
condition to hold as long as the number of electrons in the second group 
is still large. That this number still is large, even under 12,000 kg., is 
shown by the fact that under 12,000 kg. the resistance is still very much 
higher thiin for metals. 

Conclusion. 


We have now considered a great many of the phenomena of the elec- 
trical resistance of metals, and found them all consistent with the view 
of the nature of electrical conduction previously advanced. The facts 
considered in this paper were nearly all not known when the view was 
first suggested and are different in character from any previously avail- 
able, having largely to do with the pressure and temperature changes 
of resistance of both the liquid and the solid metal, particularly of the 
alkali metals, in which the effects are very large. 

The view of conduction is that the free paths of the electrons are 
interfered with in jumping from atom to atom, but that throughout the 
interior of the atom there is no resistance to their motion. We have put 
this conception into quantitative form, partly on the basis of the classical 
theory. At ordinary temperatures we have assumed the equipartition 
velocity of the electrons, that their number is independent of the tem- 
perature, and that the free path varies with the amplitude in a way which 
may be computed. This gives Ohm's law, the correct temperature coef- 

"Pi-on 'y rof-irt on imnnrl'ont norf" nf nressTire 
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effect, vanishing resistance at o° Abs.. aiul avokh tlic ^nTl(lc lieat diffi. 
culty. In addition there are certain features which can l)e discussed 
only qualitatively; there is a specific effect changing vtdunu^ of which 
we may be pretty sure of the sign, but whit'h de|>ciuis in an unknown 
way on atomic structure, and there is a siTond manner functioning 
of the “gap” at large volumes. Within the* rt'Siricted range open 
to quantitative discussion the facts are in accord witli tlu* tlu‘ory, and 
throughout the much wider domain open to (jualitative dis<aission I have 
not found a single fact which is inconsistent, an<l many winch I Indieve 
demand this view uniquely. 

The probability seems great that the view contains tlie most important 
elements operative In the phenomena of resistaiua^ and tlu'nnal conduc- 
tion in metals. This theory does not exchuU' tlu‘ pri'stuua* of (Uher 
factors which may be important for the Ihcrmo-cltHiric and the Hall 
.effects. In fact our theory has made it inevitabk‘ that tluna* should he 
in the metal charged ions as well as the electrons, and then* is no reason 
why these should not be important in certain pheiuntuma, altlumgh 
because of their low velocity of translation they cannot Ik* t‘Kpet'ted to 
play a large part in conduction. 

The Jefferson Physical Laboratory, 

Harvard University, Cambridge, Mass. 
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Introduction. 

In an earlier inve.stigation ^ I have determined the effect of pressure 
on the resistance of a number of the metallic elements, and have 
considered the significance of the results for theories of metallic con- 
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(liiction. 'riu‘ nsults tht'u t»l>(aiiir«l a uniul^rv uf 

questioiis which couhl not then 1 m‘ ;nc^\UTcj| hi ^■.•||| .<• ihr ilafa had net 
becudetenniiual. In parti<’ulur, th(M‘tTc«*t uf pn- ain- un the resistance 
of only ()iu‘ rupiid nu‘tal had iuaai tnea aired, nHirur\. and tlie ci»ni- 
parativc cilVct of prt'ssnrc on the resistance i»|’ the >anie Hiiial in tlie 
solid and the litptld statt* was not known for an\ td» naiiee. i*'urila*r- 
niore, the eifet*! of prt‘ssnrt* (»n mine of the alkali metal . wa ^ known; 
it is just here that the lar}j:est eifta-ts woidd lu* expeiUet! uml the niiist 
significant results for tluairy. 'khe evteu don uf the niea ainnueuis to 
these substances dtanamhul cmiaiu changes and impnwemtmts in tlte 
teehnitpax I was soon ahh* to make mtsa airemenf s on the alkali 
metals, and to my v<‘ry great surprise fottml iliat tin* re.i.fanee of 
lithium inert‘as(‘s uu<l<‘r pn'ssun% when-a* lhaf of tin* other alkali 
metals sodium and potassium iltaTeases greatly . ft wa . oloious that 
■our pictures of tlu^ ima'liauism of eondueliou are no! >ei .o perfect 
that \ve eau reason hy analogy twen from one element to anofhiT 
closely related in the periodic table, ddie import ane»* of making 
actual uuaisuretucaits ou jis many of the element * U’ po. aide, parlii’U- 
larly tlu^ rarer ones, wtis ob\aous. 

In the prestmt work I luivt* thend’ore attempted («i extend tin* 
previous measurtntuaits tons many mwv (dianenf * as the new resources 
of my technique, and tlu^ availability of the tdmnent . tliemselvt's has 
made possible, with (‘spe'cial ndenaiei* to the (pn* Uiou of tlie re i aanet* 
of the metals litpiid within a itunltaaite ttauperature range, h'urtlu*!*- 
more, a number of coumuTeial alloys have been employ tnl in oiliti* 
wwk, and rough measureuKmts of tlu* eflVet of pre . .ure on tin* n‘- 
sistance of them hav'e becai iieecxssury; it has been an easy mat ter to 
make the metusunauenis pnaisc' (*nough to la* inehtiled iiere. Of 
course the entire cpiestion of tlu' of pressttre on tin* resistance of 

the alloys is a most complicated oiu*, and thf*se isolated results ean- 
.not as yet have much signifi(‘ane(‘. 

The results given lu^re ar(‘ for ('ightcHui new elermitt.s and six com- 
mercial alloys. In addition, better ri*sults than Wf‘rt* possible itt the 
previous work are here given for tuitgsttai tind magnesiiiin. Ik*it«‘r 
results on tungsten w'cre posvsible l)(*e!ius(‘ of tlu* uvailalality of pun*r 
material, and for magnesiinn the mwv t(‘ehuicpie nmkvs possibli* the* 
■elimination of contact resistance, which imroduetnl wry large* error 
m the previous work. 
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EXPKRIIM ENT AL MeTHOD. 

The metals measinx'd in the previous investigation could all be made 
into wire of small diameter, and therefore liigh resistance, and nearly 
all of tliem could be soldered. Tlu^ resistance w^as measured on a 
Carey Foster !)ridge. It was essential to accuracy tliat the resistance 
be so high and the contacts so good that the relative changes in contact 
resistance imd(‘r pix'ssure were negligible. Very few of the metals of 
this investigation satisfy this condition. For the measurement of the 
effect of pressure on the resistance of these, some sort of potentiometer 
method is indicxitc'd. The rc^sistanee of the contacts then is without 
effect, and relatively small changes on small resistances can be meas- 
ured accurately. 

The application of a ])ot(mtiometer method demands four leads to 
the j)r('ssure ehanilxa', two current leads, and two potential leads. 
Tlmee of tlu'se leads must be insulated from the pressure chamber; ^ 
the fourth may be grounded on the walls. An insulating plug carry- 
ing three lea.ds wa,s us(‘d in this work. It is an obvious modification 
of the singles terminal plugs pr(‘\Tously used. It may be mentioned 
that the modificaition of the d(‘sign of the plug suggested on page 641 
of the pa})er refenx'd to, making })ossible the use of the ring packing, 
has been in us(' now for a numlxT of years, and was used with the new 
three terminal plug. Th(‘ chief difliculties encountered in the three 
terminal plug W(Te the mechanical difliculties of securing the accuracy 
recpiired in getting three terminals into a small space. The fine in- 
sulated stems were made of piano wire 0.032 inches in diameter, held 
into a head at the top by a special wedge grip. Each of these stems 
with its head was testcxl before assembling with a tension of 270 
pounds, corresponding to a pix'ssurc of over 20,000 kg/cm‘l Without 
a preliminary test there' is danger that the stem will pull out of the 
head under pressure'. The mica washers used for insulation of the 
plug were punchings, made a tight fit for the hole, which was 0,209 
indies diameter. They w'ere forced into place in the plug, and drilled 
concentrically for the stem with suitable jigs after they were in final 
position. Later the mica washers have been replaced with pipe-stone 
washers with moni satisfactory results. The chief difficulty en- 
countered with this plug has been in using it near 100°. Here the 
rubber insulation gives out under the action of the petroleum ether 
with which pressure is transmitted, and the insulation has to be re- 
newed much more frequently tlian with the larger plug. 
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The method of electrical measurement is a null substitution method. 
In series with the material iimler pressure is a stH'ond rc'sistance, part 
of which consists of a slide wire. By means of a varial)le slider, it is 
possible to tap off a variable part of this sc'cond resistance. A throw- 
over switch enables either the potential terminals of the pressure coil 
or the variable part of the series resistance to be comu^eted to the 
indicating galvanometer. This galvanometer is a Lec'ds and Northrup 
high sensitivity moving coil instrument. At tlu^ sc^ale distan(‘e used 
its sensitiveness was 10“^ volts; its sensitiveiu^ss could l)e decreased 
with appropriate shunts. 

The measurements are made by adjusting the various resistances 
'SO that there is no change of deflection on operating the throw-over 
switch. The resistance of the pressure coil may then bc^ computed 
from the known values of the other r(‘sistanc('s. In ])ractise, sensi- 
tiveness and speed of operation are incn'ased by throwing into the 
galvanometer circuit another e.m.f. approximatcdy ecpial and opposite 
^to the potential difference across the pr(\ssur(‘ (‘oil, so that the actual 
deflection is appro.ximately zcto. This balancing e.m.f. should l)e 
variable over a wide range and should be fairly constant. To produce 
it, I used the apparatus previously u.s(‘d in nu'asuring thermal e.m.f. 
under pressure, tapping across the fornu'r pn‘ssur(‘ t(‘nnina.ls. The 
refinements of that apparatus were not ru‘cessar>', but it was txisier to 
use apparatus already at hand than to construct new. Th(‘ apparatus 
by which the variable balancing e.m.f. was appli(‘d is indica1(‘(l ])y 
YE in Figure 1 . 

The details of the connections are shown in Figurt‘ 1. Wluai ad- 
justments are made we know that the potential drop around R (the 
pressure coil, which is usually a small Fraction of an ohm) is (‘(jual to 
that about Ez plus n. This latter drop of }>ot(‘ntia] may b(‘ computed 
from the known values of Ri, ito, R3, n, and /•-, and giv(‘s 

^ + ri ) 

Ri “h R2 "F R{i -|- + /'o 

The resistance u (and Pi accordingly) is tlie oiily resistance varic'd 
during a pressure run; the other resistances /b, /b, and /b l)eing 
appropriately chosen and then kept constant during each run. Since 
n + ^2 = r ( a constant) we have, for any one run, 

AR = C Avi 

or, putting R = Rq AE, and writing for the initial value of ri 
corresponding to R = Rq 
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AR ___ Ari ___ jAZ ^ 

Rq Rz + rio L3 lo 

where is is the length of the slide wire having the resistance R3, and k 
and M are the actual readings of the slide wire. This arrangement 
therefore, gives immediately in terms of slide wire settings the propor- 
tional change of resistance under pressure. If Rz is kept constant for 
the runs on the same metal at different temperatures, making the 
necessary adjustments in passing from one temperature to another by 
changing only and R2, the readings give directly a comparison of 
the pressure coefficients at different temperatures without demanding 
a knowledge of how the resistance itself varies with temperature. 
This was the procedure followed in this work; the pressure coefficients 



Figure 1. The electrical conueetioiia by \vhi(‘.h r(^sLsianc(‘. is measured. 
The resistances are so adjusted tliat th(i pohiutial drop a(.*ross R is cupial to 
that across i ?3 + n. 

are therefore independent of any error in the tmnperature coefficient 
of resistance at atmospheric pressure. 

In actual construction, all parts practi(‘al were made of coppcT. 
The resistances Ri and Rz were fixed coils dip|)ing in mercury cups in 
I inch copper bars. The apparatus was so desigiuMl that all terminals 
were within a few inches of each other, in order to avoid tliermal 
effects. The slide wire was of mangauin. The slidiu' was also of 
manganin, and was attached by soldering to a flexibk^ many-stranded 
manganin wire making connection at the other end to a copper block 
surrounded by the bars containing the other terminals. By soldering 
the flexible manganin lead to the slider very close to the point of con- 
tact with the slide wire, thermal electromotive forces in this [)art of 
the circuit were very largely avoide<l. 
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The efieet of panisiti(‘ (‘Ic'otroiuotivt' foiXH's in the (‘iixaiit was 
eliminated by taking the nu^an of readings with dirta*! and reversed 
potentiometer enrrcait. A nwersing switch was supplit'd for this 
purpose, as also in the eireuit of the l>alan(‘ing variahU‘ tMn.f. The 
only requirement in the potent ionu‘t(‘r (‘urnait is that it shall remain 
constant during the substitution of tlu' prt'ssun' (‘oil for tlu' slider. 
The substitution was made rapidly by a doubh' throw switch, so that 
an ordinary dry ccdl was (‘utirely good (‘iiough as tlu‘ source' of the 
potentiometer curremt. 

The function of the r('sistan(*(' ( Figure' \) was nu'rc'ly to provide 
an additional adjustnu'iit by which the de(U'(‘tion of the galvanouu'ter 
might be easily made null. An ordinary d('ead(' box was good ('uough 
for this. 

The usual procc'dure was as follows. A pn'liininary examination 
indicated the order of the pressure eifec't. Rn was tlu'u so (hosi'n that 
the motion of the slider >voul(l be of tlu' order of 40 cm. for t.lu' entire 
pressure range, the total length of the slick* wire Ix'ing bO <*m. R\ and ft 
were then so chosen, ck'pc'nding on tlu* a(‘tual n'sistanec' of tlu* prt'ssure 
coil, that the galvanometer (k'flection was tinaltt'rt'd on substituting 
the pressure coil for the slide wire. The following coils for /f, and ft 
usually gave sufiicient range of choice; two O.h ohm (‘oils, two I’s, 
and one each of 2, 3, 4, 10, 20, and 30 ohms. F\)r /fo a plug box from 
0.1 to 1000 ohms was us('d. R? wnis then set at about 2000 ohms, or 
less if the parasitic e.m.f.'s. were troublesome, and tlu* balaiK'ing e.m.f. 
adjusted to give no deflection. These adjustments w(‘r(' jm'liminary 
to the application of pressure. The adjustments aft('r c'ach change of 
pressure were, first, an adjustment of to give again approximately 
null deflection when the pressure coil is in circuit, s('(‘ond, setting of 
the slider to give no change in deflection on substitution, third, re- 
versal of the potentiometer current and the balaxu'ing t'.m.f, and re- 
setting of the slider for no change of deflection, and fourth, change of 
the potentiometer current and the balancing e.rn.f. l)ack to their 
original directions and again setting the slider. By taking an odd 
number of readings the effect of any slow change of the i)arasitic e.m.f. 
due to^ dissipation of the heat of compression was eliminated. The 
p(Dtentiometer current was usually so chosen that the difference of 
slider setting for the two directions of the current occasioned by the 
parasitic e.m.f. was less than 1 cm. 

The coils were all compared with standards and proper corrections 
applied. The slide wire was calibrated and corrections applied for 
ack of uniformity. In general, all the precautions of manipulation 
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and construction previously employ ed in measurements of resistance 
or thermal e.m.f. under pressure were obseiATcl here also. 

The methods of computation were essentially the same as those' 
which have been described in great detail in the pre\'ious jiaper. Any 
slight modifications were entirely obvious, and it is not nec'essary to 
describe them further. 

A description in detail of the results obtained for the separate 
substances now follows. 


Detailed D.\ta for Individual SnBS'rANCKs. 

Lithium. Two distinct series of measurements were ma.de on this 
substance, at two dillerent times. The first s(‘ri('s wa,s on the' jirt'ssure 
coefficient of the solid, in the spring of 1011). It was found that tlu^ 
pressure coefficient is positive', and large. This result was so sur- 
prising in view of the high compressibility of tlu' metal, and its close 
relation to sodium and potassium, both of which ha\T a. \^(‘ry high 
negative coefficient, that a corrc'lation of this ])()siti\'e (‘(H'llicaent with 
other properties of lithium was desirable, h'or instance', doe's lithiunp 
expand in freezing, like bismuth, anel if se), is this ce)mu'e*teel in any way 
with the positive coeflicient? But on le)e)king u]) the elata I (‘e)ulel not 
find that the melting data for lithium hael nver bc'cn eletc'rmine'el. It 
was not even known whether lithium exiiauds e)r contra, (‘ts on melting. 
The second series of measurements, in the winter e)!* 1910-20, was 
concerned with the effort to obtain somci of the missing data. In 
particular, it was desirable to find the volume rc'lations on melting, 
and to find whether the pressure coefficient of the licjuid is })Ositive as 
well as that of the solid, I had already found tliat tlic^ positive coeffi- 
cient of solid bismuth changes to negative on melting. 

The first series of measurements, on the resistance of the solid, was 
made ori. lithium from Merck, prepared a number of yc'ars ago, but 
kept under oil in sealed glass since then. A chemical analysis l)y 
Mr. N. S. Drake showed 0.7% Al, and a trace of Fe. Sodium, if any, 
could not be determined because only one gram of tlie lithium was 
available for analysis. The method of preparation by c'lectrolysis 
should not allow much impurity of sodium if ordinary care is exercised. 

The lithium was extruded cold through a steel die into wire 0.030 
inches in diameter, and wound bare onto a bone core. Connections 
were made at the ends with spring clips. So far as T am aware, no 
previous measurements have been made on the properties of bare 
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lithium wire, but because of danger of oxidation, the lithium has been 
usually enclosed in a glass envelope. Measiiretuents in glass, such as 
that of temperature coefficient of resistance for example, are not 
entirely free from objection, because of the constraining action of the 
glass walls. The error introduced by effects of this sort is presumably 
not large, but it is nevertheless gratifying to be able to avoid it. 

A somewhat special technique is necessary to handle the bare wire 
successfully. It must, of course, be protected at all times from direct 
contact with the air. This was accomplished at first by extruding it 
directly into melted wdiite vaseline, and winding it dircxdly from the 
pot of vaseline onto the bone core, which w^as moulded for slow rota- 
tion by hand. The ware, in passing from tlu^ i)Ot of \’aseline to the 
bone core, becomes covered with a capillary film of \'a,s(‘lin(% which 
rapidly solidifies in the air, forming a perfectly i)rotc(‘ting coating. 
Later, however, the vaseline wms replaced with a mixtuix' of “ Nnjol,” 
which is a carefully refined heavy hydrocarbon, prepaianl by the 
Standard Oil Ccf. and sold as a remedy for (‘onstiiiation, and refined 
paraffine, melted together in such proportions as to hnxo. about the 
consistency of vaseline. This mixture was suggt^sted to nu' by Dr. 
Conant of the Chemistry Departmmit. This (‘luingc' was made 
necessary by the chemical action of tlu^ ^'as(hn(^ Tlu‘ vasthne of 
commerce is not a substance of standardizinl propcndii's; tlu^ first can 
of vaseline which I tried was without ap])r(‘ciabl(‘ <henii<‘a.I a,cti()n, hut 
the second was unpleasantly corrosive in its action. Tlu^ mixture of 
Nujol and paraffine w^asmuch more satisfactory, tlu^ lithium lamiaining 
bright for days. 

The liquid transmitting pressure must also b(‘ (‘hosiai with (‘ar(? in 
order to avoid chemical action. At first I us(m1 comuH'rcial keros(‘ne 
which had been standing in contact wdth sodium for s(‘V(‘ral wtahs. 
This was not satisfactory, however, tlu^ ktu'ostuu' gradually turning 
yellow at room temperature in contact w'itli th(‘ sodium, and a,t higher 
temperatures the reaction is much acc(‘l(‘rat('d. Tlu^ transmitting 
medium finally used was a mixture of Nujol and ‘‘pcdroltaim (‘tluu*” 
in different proportions, depending on th(‘ tempi‘ratur(‘ of t.lu' work. 
At 0° nearly pure petroleum ether must bt^ us(‘d in order to avoid 
freezing under pressure. Another source of (‘hemi(‘al action, Ix'sides 
the transmitting medium, is the bone core on whi(‘h t.lu^ wir(‘ is wound. 
It is necessary to drive the water as completc'ly as possibh^ out of the 
core by prolonged heating to 130° or so, hut uikUt thesc‘ conditions the 
bone becomes very brittle and must be handl(‘d with (‘xt.r<‘m<‘ <‘are. 
Even after every precaution had been tak(ui, sonu^ (‘Inanical act ion still 
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remained. The action tends to cease at the higher pressures. Error 
from chemical action was eliminated as far as possible by taking the 
means of readings with increasing and decreasing pressure, and at the 
higher temperatures by never releasing the pressure to atmospheric, 
but obtaining the zero reading from an extrapolation of the readings 
at higher pressures, where the chemical action is slower. The tecli- 
nique in handling sodium was the same as that used for lithium. It 
is a curious fact that although the chemical action of the mixture of 
Nujol and paraffine at atmospheric pressure is considerably less on 
the lithium than on the sodium, at higher pressures the reduction of 
the action is considerably gi'eater in the case of sodium, so that the 
zero shift after a run at higher pr(\ssur(‘s and temperatures was grt'ater 
in the case of lithium than sodium. 

Runs were made on the elTec^t of pri^ssure on the r(\sista,nce of the 
bare wire at 0°, 25°, 50° (partial run), 75°, and 96°. The diderence 
between readings witli increasing and decreasing pr<\ssure d(‘creased 
uniformly from zero to the maximum pressun% instc'ad of being al- 
most entirely confined to th(‘ zero reading, as was the cas(^ with sodium. 
The zero shifts were 7% of the total (‘fft'ct at 0°, 5.5% at 25°, 7.(S% at 
75° and 1S% at 96°. The run at 50° was not compl(‘t(‘d lHH*ause of 
accident. In spite of tlu' large zero shifts, tlu' mean of th(^ r(‘a, dings 
with increasing and decreasing pressure^ ran smoothly, and should be 
only little affected by the chemical action. 

The temperature coellicicTit of resistance at atmosj)h(‘ri(: j)r(\ssure 
was obtained from a coil of bare win' similar to that of tlu' prc'ssure 
measurements. In ord(T to avoid as imuffi as possible' the elfcct of 
chemical action, four tluTinostats were kept running simultaiu'ously 
at 0°, 25°, 50°, and 75°. The coil was immersed in a W('ll of Nujol 
which had previously come to tlui tcmpcTature of tlu^ hath. Aftc'r a 
reading at one temperature the coil was transh'rn'd in a h'w s('(‘on(ls 
to the bath at the next teanpt'rature', and readings made' aft.e'r a fixed 
constant interval. Sevc'nte'cn minute's i)re>ve'el te) l)e' suflicient fe)r 
acquiring complete thermal ceiuilibrium. lU'adings we're maele 
successively from 0° to the maximum anel back te) 0° again. The 
mean of the asce'iieling anel dt'sce'neling reaelings shoulel bei fre'e^ rre)m 
error from chemical actie)n. The zero shift afte'r the run was 2..S% of 
the total effect, against 5.4% for se)elium. Tlu^ avc'rage^ (!e>eflie‘ie'nt 
between 0° anel 100° was 0.0045S. Ik;rnini ^ lounel fe)r lithium in 
glass the mean value 0.00457 between 0° anel 177.S°. He found the 
relation between tempe'rature anel rexsistance to be liiu'ar. I fe)und 
the resistance to increase more^ rapielly at the higher te'mperature's; 
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this woultl iiu'jni an (MU'ilifitait lu'nvt‘rn O’ and ITT.S"^ even 

larger than (KiO-lnS. 

Tlu‘ indepemhnit pnssnn* runs at dilTerent temperatur<‘s did not 
fit as smoothly togetluT as tliey fnnfuenily do, hut tlu' pressure eltect 
varitHl irrt‘g\ilarly from om‘ ttnuperature to aiu»tlu‘r. Within the 
limits of (‘rror a d(‘p(‘mh*m’e of pn*.ssurt‘ eot'llicitait on tt‘mp(‘ratiire 
could not h(' estuhlishetl, and in tht^ finally smoothei! rt'sidts the pres- 
sure coeflicient is assumed iiuleptmdtait of tetnpt'raturcn This de- 
mamled a maximum r<‘a<ljustment of tla‘ ohs(‘rv(‘d rt‘adings of 2.0% 


'IWlthK h 

Ihsnu’wej; oi* Lii'iinM. 


ProHHurt' 



lit* .i'i} .UK 



kg/cm^ 

0“ 

;x. ‘ 


7.'. ■ 
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0 

1 .0000 

i.mii 

1 2122 

1 ::2,sn 

1 .15S0 

1000 

1 .0009 

lll'.’d 

1 2290 

1 ::;i72 

1. lOSl 
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l.OMO 

1 1199 
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1 ::ioo 

1.17S1 

;!(Uii) 

1 .0212 

1 . 127.S 

1 2:179 

i .:;50i 

l.-t.SS') 

4000 

1 .02S5 

1 . 1559 

1 2 lOS 

l 2055 

• .4990 

5000 

lAYMM) 

1.1142 

1 . 255s 

1 :;75s 

1.5105 

(K)00 

i.oino 

1.1525 

1 2051 

1 :is59 

1.5210 

7(K)0 

1.051 1 

1.1012 

1 ,2715 

1 .:i90:i 

1 ..i229 

8000 

1.0591 

1.17(H) 

1 .2S12 

1 1009 

1 ,5140 

9000 

1 .0075 

1.17S9 

1 .2910 

1 1177 

1 .5501 

10000 

1 .0757 

I.ISSO 

1 ,:iu:i9 

1 12S5 

1 .5082 

11000 

1.0841 

1.1972 

i.:ni2 1 

1 . 1297 

1 .5800 

12000 

1.0927 

1 .2008 

i.irjio 

1 .1512 

1 .5922 


Average coeffieieut. 0 to 12(K)() kg. h t).0..772. 
This coofricieut is iiul(‘pend(‘ni of Icanpeniture. 


The values of the resistance of the solid at 2.o * intta'vals of Itmvpcra- 
ture and 1000 kg. intervals of pressure an‘ shown in ''rahh^ I. The 
pressure coefficient is seen to be p()sitiv(\ as alrtaidy notcal. Further- 
more, the pressxire coefficients, both instantan<‘(>us and absolute, 
increase with increasing pressure. This we would not (‘xpt^et, but it 
seems to be the normal type of behavior for substances with positive 
coefficient. 

The second series of measurements was madt' with anotlier sample 
of lithium, much larger in amount, which I <)l)taiiu‘<l through tlic kind- 
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ness of Dr. A. W. Hull of the Research Laboratory of the General 
Electric Co. The purity was not known. It was prepared by 
electrolysis of the fused chloride with graphite electrodes ; the chloride 
was pure, so that any impurities were introduced in the electrolysis. 
There were inclusions in it of some slagdike substance which liad to be 
cut out as well as possible. This specimen was used for a determina- 
tion of the melting' cur\’e. The method was that of the discontinuity 
of volume, which I have previously used in determining melting or 
transition curves, and has been fully described elsew^here.^ The 
volume of the specimen was about 5 c.c. It was placed in an iron 
container, and pressure transmitted to it with Nujol. It was evi- 
dently somewhat impure, for the corners of the melting ouvvo were 

l^VBLE 11. 

MKi/riN:(i Curve of Lithium. 


Un'SHun*. 


k^,v cin- 

0 

17S.-C 

1000 

1S2. 1 
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is5.r> 

aooo 
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•1000 

101. s 

oOOO 

101.0 

(H)00 

107.1 

7000 

100.1 

sooo 

201.0 


considerably round(‘d, nu'lting l)<‘ing deteetibk^ at least lOOO kg. be- 
fore the end of melting. This eorresiKuids to a sprc^adiiig of melting 
at constant pressure ovca* a temp(‘rature range of Ikf)®. Wliat the 
depression of the freezing point is at the eonehisiou of melting, that is, 
how much the observed curves should be rais(Ml in ordca* to eorrec-t for 
the impurity, it is not possible to state from the data,. Points on the 
freezing curve were obtained at thrive temixa-atures. A eurve^ was 
drawn through these points and the data from th(‘ smooth curve! are 
given in Table II. The curvti and the observed points arc^ also shown 
in Figure 2. The points lie on the curve as dra,wn, but it is seen that 
there may be some uncertainty about the (^xtra})()lation to atmospheric 
pressure. The value of the melting temperature at atmospheric 
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pressure ^iven in tlu‘ was (‘xtrapolattnl from tht‘ thn'e observed 

, (f'r . 

points on the assumihiou that , is constant. 

(Ifr 

The most important n^sult of tiiest^ melting observatiims is that the 
melting curve is normal, pressurt' ami tempt‘ratun‘ rising together. 
This means that the solid (‘ontraets on frei'zing, as is normal. The 
positive pressure coeiruaimt of n‘sistan(‘<‘ of tlu‘ solid tlunx'fore need 
not be due to the peeuliar nundianism that it is in tlu' eas(‘ of bismuth. 

The changes of volunu^ on mi‘lting ar<‘ v(‘ry small, and becmise of 
the rounding of tlu‘ eornm's, v(‘ry hard to ih'termim* aeeuratcdy. The 
error was too great to (\stablisli any n‘gular variation of tlu‘ cliange 
along the melting eurvix Tlu' b(‘st mean valm^ for th(‘ fractional 
increase of volume on nudting is O.DOd. 



l.ilhiutn 

FioxTim 2. '■fhc nadting curv(‘ of lithinm. 

The effect of pressure on the resistanet^ of tht‘ litpiid was nu'asiired 
on the same sample as that of the nudting etirviN the sample from 
Merck having been used up by tlu‘ elumiieal anal.x'sis. ( 'ousiderable 
difficulty was met in devising a suitable imdbod. It is well known 
that melted lithium attacks glass, and this 1 via’ifii'd l>y my own 
experience. Previous experimenters liave Ixxai abl(‘ to uK^asure the 
resistance of the liquid in a glass capillary by |)r()t(*cting the* int(‘ri()r 
surface of the capillary with a film of oil. Idiis introductxl (*rror 
because of the space occupied by the film of oil, and is not adapt(*d to 
use under pressure, the oil film being pent*trated after a few (‘ompres- 
sions. The method finally adopted was to surround tlu* lithium with 
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a capillary of an alloy of high specific resistance, which is not attacked 
by the lithium. For this purpose I used the allow known under the 
trade name of “ ^ 193 Alloy,’' manufactured by the Driver Flarris 
Co. The specific resistance is about 50 times that of copper. I suc- 
ceeded in drawing this into a fine capillary 0.045 inches outside diame- 
ter, and 0.032 inside diameter. An attempt to treat Nichrome simi- 
larly did not meet with such ready success, it being much harder to 
draw. The capillary was plugged at one end with a pin of iron, and 
at the other end an iron cup was silver soldered, no silver solder 
coming in contact with the lithium. Four copper leads were soldered 
to the outside of the capillary, two at each end, for use as current and 
potential leads, and the resistance was measured in the regular way by 
the potentiometer method. The capillary was filled by melting the 
lithium into it in vacuum. The resistance of tlie capillary was from 
five to ten times the resistance of the lithium which filled it, varying 
with the pressure and temperature. Preliminary m(‘jisurements were 
made on the resistance of the capillary wdien canpty, and on its temper- 
ature and pressure coefficients. These values for the capillary are 
given for themselves under the heading ^ 19)^ Alloy. The tempera- 
ture and pressure coefficients are both small compared with those of 
lithium. 

The capillary and the lithium inside it constitute two resistances in 
parallel. The various resistances are connec^ted by the relation 

1^11 
Ro lie Rl 

where Ri is the resistance of the lithium filling the capillary, Rc is 
the resistance of the capillary alone, and Ik is the observed resistance 
of the capillary and lithium in parallel. By difTerentiating this ex- 
pression with respect to the pressure we obtain 

Rl dp R{) y fo dp / Rc \Rc dp ) ’ 

From the pressure coefficient as observed, and tlie pressure coefficient 
of the capillary separately determined, it is therefore possible to 
obtain the pressure coefficient of the lithium alone which fills the 
capillary. The term involving the pressure coefficient of the capillary 
is seen to be small, so that this coefficient need not be known with 
great accuracy, and the ratio of the resistance of the lithium to the 
observed resistance may be found with any accuracy desired, so that 
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the results should not have apprec'iahly any larger error than the 
observed resistanc‘es theinsidves. 

It is obvious that the teiupcTatun^ eo(‘{neii‘nt of resistance may be 
found in a way precisc^ly similar to tlu^ pr(‘ssur(‘ (‘(Hdlic^ient. 

Readings were made on the resistaiua^ of tlu^ li((uid as a function 
of pressure at 202.5° and 227.4°. The pressure range of the lower 
temperature run was SOOO kg., siiua^ llu^ nu4t.ing curve restricts the 
domain of existence of the hhpud, but at tlu' higher tempcu-atiire the 
pressure range was the entire 12000 kg. In order to avoid chemical 
action as far as possibh^ pn^ssuri^ was not r(4t‘as(al imtirely to zero, 
but the minimum was alxnit 1000 kg., and t.lu^ ri^sults w(uh‘ ('xtrapolated 
to zero. Measurements were also ma.d(‘ on t h(‘ solid at 171.0° to 8000 
kg. (pressure was not raised higluu' for fear of distorting tlu^ capillary), 
and on the resistance of the solid as a. fum^tion of tcanperature at 
atmospheric i)ressure down to 0°. 

The most important result is that th(‘ pr(‘ssur<‘ co(‘(li(‘imit of the 
liquid is positive like that of th(‘ solid, n^vcrsing th(‘ b{‘ha.vior of bis-r 
muth. At the two b^mperaturt's tlu' r(4a,tion Ixq.wisMi j>r(^ssure and 
resistance was linear within the limits of <‘rror of tlu^ nu'asunanents. 
At the lower tempc'rature the maximum depart, urt^ of any ol)servcd 
point from a straiglit line was 2% of tlu^ total (‘llVct, an<l at the higher 
temperature it was 1.2%. The cocdlicimit is + 0.0f,U27, imh^pendent 
of temperature to the last figure. Tlu^ co(41i<*i(‘nt of th(‘ hkpiid is seen 
to be slightly larger than that of th<‘ solid. Tlu' (‘orn'ction for the 
capillary brought the observed vahu' from 0.0j,700 to 0.0d)27. 

The temperature coellieient of the licpiid, corri'ctcsl for t.lu^ capillary, 
was such as to give between 202° and 227° an of ().()() 145 of 

the resistance at 202° for eveu-y d(‘gr<‘(^ ris(‘ of t,(‘mi)era.tur(\ 44ns is 
less than the reciprocal of the absolute tmiipcTutun^ giving, when 
multiplied by the absolute teinjx'ratun*, O.OSO. 4411^ (‘o(4licit‘nt of the 
solid was found to be markedly higher than th<‘ laxaprocal of the 
absolute temperature. This is again an exainph' of tlu^ fact that the 
temperature coefficient of the liquid is in gcau'ral l(‘ss than t hat of the 
solid. Bernini^ found for the Ii(pud betwaam 180° and 2(K)° a <H)effi- 
cient equal to 0.00077 of the resistances at 200°, consid(‘rably lower 
than the value above. 

No correction has been applied to tlu^ al)()vt' valutas for the com- 
pressibility or thermal expansion of the capillary, since tlu^se are 
not known. We have seen that the temperatur(^ corn'ction is in 
general slight. If the compressibility of the alloy is tlu^ same as that 
of pure iron, which is a not unplausible assumj)ti()n, the (‘oefluaent of 
the specific resistance will be about 2% less than the value al)()ve. 
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The pressure coefficient of the solid lithium was measured in the 
capillary at 171°. The most important result of this measurement was 
the verification of the positive coefficient. The numerical value of 
the coefficient cannot be accepted, however, because of the restraining 
effect of the capillary. A similar effect had already been met in the 
case of Gallium. The results for the resistance of the solid were very 
irregular, there being deviations of 10% from the mean curve. The 
value found for the coefficient was + 0.04159, nearly twice the value 
found at low temperatures for the bare wire. It is quite possible that 
part of this large difference is real, since we in general expect the 
coefficient to become larger at the higher temperatures. It was not 
possible to definitely state any variation of the coefficient within the 
range 0° to 100° for the bare wire, since chemical action cut down the 
accuracy of the measurements. It is also possible that some of the 
difference may be due to difference of the material, this latter speci- 
men not being so pure. The pressure coefficient of the solid in the 
capillary was also measured at 04°, but tlie irregularities of the data 
were much greater than at 171°. One would expect tlie effect of con- 
straint to become greater farther from the melting point. The best 
value of the coefficient at 94° was 25% higher than at 171°, but the 
accuracy was so low that it is not at all certain that there was any real 
difference. 

The temperature coefficient of the solid in the capillary was also 
measured between 0° and 171°. Here again we should not expect the 
results to be very accurate because of tlie effects of constraint. The 
mean coefficient over this range was 0.0039. This is considerably less 
than for the unconstrained wire; part of the difference may be due to 
greater impurity. 

The change in the resistance on melting at atmospheric pressure 
could be computed from tlie measurements on solid and liquid separ- 
ately. The specific resistance of the liquid is tlius found to be 1.68 
times that of the solid at the melting point at atmospheric pressure. 
The only other publislied value is by Bernini,^ who found 2.51. 
Bernini^s value of the melting point was 177.84°, somewhat lower than 
the value given above, so that it is not probable tliat the difference is 
to be ascribed to greater purity of his sample. I also made an attempt 
to find the variation of the ratio of specific resistance of solid and liquid 
along the melting curve, but this cannot be very accurate, because of 
the constraining effect of the capillary. Using the value found for the 
pressure and temperature coefficients of the solid in tlie capillary, and 
assuming that the temperature coefficient is not affected by pressure 
(which has been proved to be true liy direct measurement in most 
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cas4‘s\ the resistaiu'e ef tin* was (‘xtra|><>Iat(Hl to the melting 

curve at mid SlaOkj:.* anti at this point tlu‘ ratujof resistance of 
rKpiul to soFu! ftnint! tt» !h‘ 1.19. T1h‘ accuracy is not high, and 
prohahly tlu* taily cont'Iusion justifitai is tliat th<‘ cliange of the ratio 
along the uniting curvt* is iu»t large. 

SomcM. Tlie material was frtun tlie sanu‘ saniph^ as that previ- 
ously usetl in detenninatituis of the duiiigt' of nulting point under 
pressure.^ No chemical analysis has iKsut made, hut the sharpness of 
the melting is evidtaua^ of the high ptirity. Two stalt's of measure- 
ments of the n^sistanee wtTt* maths Tin* first, in tht‘ si)ring of 1919, 
was on the r(\sistan(‘t‘ of tlu^ solid* h(1<j\v tlu^ nulting point at atmo- 
spheric prcssnrtx The staamd situ's, in the fall and wintcT of 1919-20, 
was on the rcsistanct* of both sdid and litpiid at temperatures above 
97.(f, 

For the measurtmumts of tlu‘ resistance of tlu^ solid lulow 97.0® the 
sodium wais extruded into wire through a st(‘(1 di(‘, and the wire 
wound bare on a hone eonx As in th<‘ ens(‘ of Lithium, I am not aware 
that measurements havi^ Ixaui math' prt'viously on tlu‘ rt'sistanee of the 
bare ware, but tlu‘ matt'Hal has hetm endost'd in a glass envelope. 
The details of manipulation were (\ssentially tlu‘ samt^ as for lithium, 
except that sodium is nuuL softtT, and ('onscHpumtly hard(U' to handle. 
Two sizes of wire w'ere UHtxl, at first 0.015 indues iit diamder, and 
later 0.030. The larger size is consid(‘rahly easier to handle, and the 
resistance is high enough to give' tlu' rexpiisitc' a<*euracy. The initial 
resistance was of the onler of 0.5 ohms for tlu' small wires and 0.2 ohms 
for the larger wire. Connections w’ere' made' to tlu' sodium wire with 
spring clips, as with lithium. The^ springs wt're hdieal springs of 
piano wire, 0.009 inches diamete'r, w^eumd on a mandrel 0.00 inches 
diameter. The springs were pulled out so as to se|)arate tlie spires, 
and the sodium wire dropped in betwx'en the spire's. The' wire was 
protected between the spires by wrapping round it a covering of gold 
or silver foil 0.001 or 0.002 inches thick; otherwise' the soft wire is 
pinched ofiE by the spring. Due to chemical ac'tion, the re'sistance at 
Ae spring contacts sometimes became so high as to make trouble. 
Contact could always be restored by passing tlirougb the contact a 
current from a small magneto. 

Experiments were made on six different samples before a complete 
obtained. Repetitions were necessary because of 

e effect of corrosion, and. also because of accidents to the insulation 
threejterminal plug. In addition to complete runs at 0®, 25®, 
, and 75 , one fragmentary run was made at 0®, and three at 50®. 
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These fragmentary runs have been given due weight in the final 
results. 

No preliminary pressure seasoning of the wire was attempted. 
This is usually unnecessary for soft metals, and in this case was 
undesirable because of the efl‘ect of chemical action. The amount of 
chemical action may be estimated from the amount of the change of 
the zero after a run. At 0° the zero change was 5.6% of the total 
pressure effect; at 25° S.1%; at 50° 1.9%, and at 75° at 1000 kg. 
4.7%. The smaller effects at 50° and 75° are because the Nujol mix- 
ture was used at these temperatures to transmit pressure instead of 
kerosene. Since the readings with increasing and decreasing pressure 
were made at uniform time intervals, the mean zero should contain 
little error from corrosion. Aside from the zero displacements, the 
points at high pressures lay v(Ty regularly on smooth curves. At 0° 
the greatest departure of any point from a smooth curve was 1.0%; 
at 25° 1.3%, at 50° 0.8%, and at 75° 1.0%. 

The final results were obtained by first smoothing independently 
the results at each temperature, and then smoothing the runs at each 
temperature so as to give smooth temperature difference's. The 
maximum adjustment in this temperature' smoothing wa,s at 50° and 
3000 kg., where an increase in the observed Headings of 1.2% of the 
total effect was necessary. 

The temperature coefficient at atmosi)h(‘rie prc'ssure was obtained 
from a coil of bare ware similar to that of the i^rc'ssure nu'asurements. 
The details of the measurc'ments wc'rc' c'xaetly the same as for lithium. 
The two readings at 0° differed by 5.4% of tlui total temperature 
effect. The relation bc'tween tempc'rature and resistance can l)e 
expressed by a second degrc'e ('cpiation in the tempc'rature. The 
results at even temperature intervals arc' included in Table III. The 
resistance of the solid at 100° (nudting point 07.()2°) may be extra- 
polated from readings bc'twT'C'H 0° and 75° and givc's as the avcTage 
temperature coefficient betwT'C'u 0° and 100° 0.()054(>5. Northrup ® 
gives for the temperature coefficic'iit of sodium in glass tlie value 
0.0053, obtained by a linear extrapolation of values bc'twc'en 20° and 
93.5°. Bernini ® givexs for the same temjx'ratnre range (0° to 100°) 
0.00428. As already remarked, there sec'm to Ix' no previous values 
on the unconstrained metal. 

The measurements on the resistance in tlie domain of both licjuid 
and solid above 97.6° w^ere made with the sodium enclosed in a glass 
capillary. The details wx're exactly the same as for potassium. In 
point of time the measurements of potassium were macle first, and the 
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description of the capillary and the method of filling it will be found 
under potassium. Seven runs were made with the sodium in glass, 
with several difierent capillaries. These runs were at 134.0°, on both 
solid and liquid, at 143.6° on the liquid only, at 163.1° on the liquid 
only, at 165.0° on both liquid and solid, and at 171.8°, 197.1° and 198.1° 
on the liquid only. In addition, readings were made at atmospheric 
pressure from which the change of resistance on melting and the 
temperature coefficient of resistance of the liquid could be obtained. 
These runs were of varying degrees of excellence. Those at 165° and 
197° showed zero shifts of only 0.5% and 0.3%, and were given the 
greatest weight in computing the resistance of the solid. In general 
the observed points lay very smoothly, and there was little difference 
between the results with increasing and decreasing pressure, indicating 
little direct effect due to the constraint exerted l)y the walls of the 
capillary. 



Temperature 

Sodium 

Figure 3. The ratio of the resistance of liquid to solid sodium as a 
function of temperature along the melting curve. 

The ratio of resistance of liquid to solid was observed at three 
temperatures; the observed points are shown in Figure 3. The ratio 
decreases somewhat with increasing pressure and temperature along 
the melting curve. In reducing the observed values to smoothness, 
it was assumed that the ratio varies linearly witli temperature, and is 
given by the line shown in the figure. 

The values of resistance as a function of pressure and temperature 
from 0° to 200° and to 12000 kg. are shown in Table III. This table 
falls into two parts; the first part, including the values through 100°, 
are relative values of the '‘observed'' resistance, being derived from 
measurements on the bare wire. Above 100° the values listed are 
relative values of the specific resistance, the observations having been 
made on the sodium in a glass capillary, and corrections applied for 
the compressibility and thermal expansion of the glass. For the 
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linear expansion the value 0.0;, S was assunuul, and for tlu‘ euhic com- 
pressibility Aniafi:at’s 2.2 X 10 with his tcaipua-ature eoefli- 

cient of coinpressihility of 10^'f' for 100'\ In ordta* to n^luee the part 
of the table Inflow I0(f to r(‘la(iv(‘ sp(‘ei(i<‘ rt‘sistan(‘(‘s or that above 
100° to relative “ ohsca-xiMl” resistanet‘s, it wotild hava^ hcaai necessary 
to have known the eonipia^ssibility of sodium ov(‘r this ran^n^ of pres- 
sures and temperatures, and this has not y(‘t beam d('t(‘nniiu‘d experi- 
mentally. From tlu‘ dilleremaNs of tin* pnssnn' eoetlieicmts in the 
two parts of the tablt‘, howt'vt'i% it is possible^ to gc‘t sotiu^ idea of the 
magnitude of the eonipn'ssibility. Thus it will Ih‘ found that the 
mean eoefheicait of ‘‘obsiTVcaF' rt'sistaiua^ lu'twtaui oOOO and 12000 
kg. at 100° becomes consistent with the nuain (au'Oicient of specific 
resistance over the .sanu^ range if tin* compr<‘ssibility is 0.00002. 
Richards found for the initial (*ompr(‘ssibility at 20” tlu‘ value 0.000015. 
The difference between these two valu<‘s does not nuain an impossibly 
large temperature (dT(H‘t. 

In Figure 4 the isothermals of n‘sistan<a‘ against pn^ssurt^ have been 
<lrawn for a numl)er of tempcTatun^s. 41 u‘ \ alu<‘s ar(‘ takem from the 
table and have the same dis(‘ontinuity at lOO” as tlu‘ vahu's of the 
table. In fact, this discontinuity is (juitt‘ i‘vident in th(‘ figure. 
The change of resistance with pr(‘ssur(‘ is scmui to bt‘ lurg(\ largcT than 
for any other metal which I have m(‘asur(‘d (‘X(‘(‘pt potassium. Tuder 
12000 kg. the change of resistanc(‘ of tlu^ .solid is of t lH‘ onhu* of 40% of 
the initial rCvsistance. The mean coedicient of th(‘ li(|uid is larger, the 
decrement being about 50% for tlu‘ sanu‘ j)ressurt^ rangts Tlu^ initial 
coefficient of the Ikpiid varies lit.th‘ with t(‘m[)(‘rature, but the initial 
.coefficient of the solid inen^ases marktsliy with rising tcanpi'niture. 

The pressure coefficient of resistama^ of sodium has not lanai previ- 
‘Ously measured, so there are no otluu* valu(\s for comparison, l)ut 
other observers have measured the tmnperatun^ (undlidimt of solid 
and liquid and the ratio of resistance of licpiid to solid at atmospheric 
pressure. The values of Northrup and Hta'uiiii for tlu' (‘ 0 ( 41 ici(‘nt of 
the solid have been already quoted. It is to b(‘ notieial that the 
-values of Northrup and Bernini are for the spe(‘ifi(‘ ri‘sistan<‘t‘, since 
their materials were enclosed in a rigid contaimT, wheux^as my coeffi- 
cient is of the “ observed resistance, and was obtaiiusl on tlu' bare 
solid. The coefficient of specific resistance is grc^atcT than that of 
“observed” resistance by the linear expansion. Taking as the linear 
expansion of sodium 0.000069, my value of the (‘{H‘ffi(*i(‘ut of the 
“observed” resistance w’-ould give 0.0{)552 for the e(K‘ffieient of the 
specific resistance. This value is seen to much higlu'r than that 
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Figure 4. Relative resistances of sodium at constant tern])erature as a 
function of pressure. 


of Bernini, and appreciably higher than that of North r up. Doubt- 
less the freedom from constraint of the bare wire is in large part 
responsible. As the solid sodium expands in the glass container it 
will exert a pressure on the walls, which will have the eirect of decreas- 
ing the resistance, and making the temperature coefheient appear too 
low. 

For the temperature coefficient of the lic[uid, Bernini ® found 
between 100° and 110° 0.00279 of the resistance at 100°. Northrup’s ® 
mean value between 100° and 140° is 0.00330 of the resistance at 100°. 
My mean value between 100° and 120° is 0.00325, slightly lower than 
the value of Northrup. It is not yet established whether tlie purer 
liquid metal usually has a higher temperature coefficient than the 
impurer or not. 
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For the ratio of tlu' rosistaiuv of litjuid to that of solicl at the melting 
point Bernini found and Northnip 1.44. The value which I 

found above was LdbU in g^ood ag:re<‘m(‘nt with that of Northrup. 
The agreement of iny high i>rt\ssnr(' vahu‘s with that found at atmo- 
spheric pressure mak(‘s it. prohahl<‘ that in my work tludormation of 
cavities did not cause any es.stuitial ('rror at atmosph<‘ri(‘ pn^ssure. 

It will l)e noticed that throughout, my valut‘s mv considerably 
closer to those of Northrup than Btamini. It, is ])rohahl(‘ that in spite 
of his efforts, Bernini did not siu‘ceed In (diminating tlu‘ (dfect of cavi- 
ties, or that there w'as sonu^ otlua* source' of (‘(ynsistx'ut ('rror. 

Potassium. Material from thi' saune lot wais ust'd ais that used 
previously for the ineaisunTueuts of tlu' corardimitc's of tlu' melting 
curve.'^ The purity wais high, ais shown by tlu' shairpnt'ss of freezing. 
Resistance meaisurements under prt'ssure W(‘r<‘ nuuh' on both the liquid 
and the solid. The mechainical softiu'ss of potaissium, aind its much 
greater chemicail activity nuuh‘ it inft'asibU' to us(' tlu' solid in the form 
of bare wire, as had been possibh' with sodium ami lithium. The 
metal had to be contained, tlu'rt'forc', in a glass capillary. This is 
to be regretted, but its much gnaiU'r softiu'ss mak('s any (‘rror intro- 
duced by the restraining action of the glass much h'ss than in the 
case of the otlu^r metals. Special examination was nmd(‘ of the mag- 
nitude of the error introdiued in this way by nu'astiring the differ- 
ence between the resistance undcu* iiu'rtaising and (h'crc'using jiressure 
at 28°. Very noticeable diflen'net's Ix'twaHUi tlu' asecauling and 
descending curves were found, corresiyonding to a maximum dillVrence 
of mean pressure in the metal and the surrounding licpiid of 100 kg. 
The maximum discrepancy oc(‘urred at tlu' highest i)r(‘ssure, where 
it would be expected that the viscosity of tiu' m(*tal would h(‘ the 
greatest. The pressure diffcTcnee of 100 kg. was ('stimated from the 
differences of resistance^, assuming that the strt\sses hi ihv nu'tal had 
the same effect on resistance as a hydrostatics piH'ssurc'. Of course 
there actually were stresses in the metal of a shearing nature, and it 
is exceedingly unlikely that the (4fi'ct of su(*h str('ss(‘s is eciui valent to 
a hydrostatic pressure, so that it is probabh^ that t.lu* glass capillary 
was called on to support a stress differencsc' of eonsidcTably mores than 
100 kg. The mean of readings with ascc'nding and eU'scH'nding pres- 
sure were taken as the correct value. There w'C'tes howx've'r, consider- 
able irregularities, doubtless due to the irregular re‘s|)onse of the glass 
capillary to the heterogeneous strains in it. At higluT temperatures 
the differences between the readings with ascending and descending 
pressure became much less than at 28°, as one would (‘xpe‘ct, but it was 



ELECTRICAL RESISTANCE UNDER PRESSURE. 


83 


evident that some of the irregularities remained at all temperatures. 
In view of the probably much greater magnitude of the effect at still 
lower temperatures, no readings were attempted at temperatures 
lower than 28°. 

The capillary containing the potassium was in the form of a U, with 
open cups at the two ends. Into each cup, two fine platinum wires 
were sealed for the current and potential lea,ds, and measurements 
were made by the potentiometer method. Tlie capillary was filled 
by melting the potassium into it in high vacuum. The filling was 
accomplished by sealing one of the cups, and connecting to the other 
cup a succession of bulbs communicating with each other through 
narrow necks. The potassium was placed in the most remote of the 
bulbs, and the apparatus was exhausted with a diffusion pump, heat- 
ing the bulbs and capillary to remove occluded gases. The glass was 
now sealed off from the pump, and the melted potassium run in suc- 
cession from one bulb to the next. In this way the scum of oxide was 
removed. Previous work had shown that furtlier purification of this 
particular specimen of potassium, as by distilling, was superfluous. 
When the melted potassium reached the cup of the capillary, into 
which it could not enter because of capillary action, illuminating gas 
was admitted to the farther bulb, driving the melted potassium before 
it and thus completely filling the capillary. The seal of the other 
cup was now broken, and tlie capillary mounted as soon as possible in 
the pressure apparatus under Nujol, the open ends of the capillaries 
being protected from oxidation with Nujol and paraffine paste during 
mounting. 

Five runs were made, with two capillaries. The first filling gave 
measurements of the resistance of the solid alone at 28.0° and 54.2°. 
The second filling was used at higher temperatures, 95.7°, 132.2° and 
167.0°, and gave measurements on both solid and liquid. For the 
second set of runs a special apparatus had to be used by which the 
insulating plug was kept cold in a third cylinder. This was first used 
in the measurements on liquid bismuth, and will be found described 
under that metal. The same apparatus was also used in the high 
temperature measurements on lithium and sodium. In addition to 
the pressure runs, the same fillings of the capillaries were used to give 
the temperature coefficient of resistance by varying the temperature 
at atmospheric pressure. 

The resistances as measured were smoothed to uniform temperature 
and pressure intervals, choosing a temperature interval of 35° as being 
closest to the greatest number of the actual readings. In this smooth- 
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ing the irn‘gularit‘u\s intriKliurd hy tlu* glass capillary were apparent. 
The individual readings seldom showt^l irrt‘gularitit\s of imieh more 
than the sensitivtau‘ss of the nu^asurements, hut thtu'e were consistent 
departures hetwetai rt^adings with incn^asing and decaa^asing pressure, 
and conse([uent inuaa’tainty as to tlu‘ corre(‘t rc^sult. Sometimes an 
adjustment of as mu(‘h as 2^11 in tlu' total n^sistauce was necessary to 
bring the runs for dilfercuit t(unperatun‘s int(» smooth register with 
each other. BiTiiust^ of the t‘xtrtum^ largtau‘ss of tlu^ eoeflieient, a 
change of 2% in tlu^ resistance itstdf usually nutans a much smaller 
percentage change in tlu‘ de(Tenu‘nt of rt'sistancts Sima^ it was the 
decrement which was nu'asunMh the actual nuNisun'd (|uantities 


'rAHLK IV. 

Rhsistanhm-; (U** Potassium. 


Pr(';HHure 
kj^/ vixi^ 

25^ 

(ur* 


lair 

11)5” 

0 

1.12S 

1 .307 

2.387 

•) ”21 

3.040 

1000 

,941 

1.079 

1.911 


2.568 

2000 

.799 

. .911 

1 5.S0 

1.812 

2.17(> 

3000 

.(>92 

.78r> 

.880 

1 .507 

1 .8,53 

4000 

.615 

.690 

.777 

1.340 

1 .586 

5000 

.554 

.(>23 

,093 

1,1.83 

1 .374 

6000 

.503 

.5()3 

.024 1 

.085 

1 . 195 

7000 

.458' 

.511 

.504 

.018 

1 .050 


.420 

.404 

.508 

.551 

.928 

9(X)0 

.387 

.425 

. 103 

.5(H) 

.829 

10000 

.358 

.389 

.420 

.450 

.481 

11000 

.333 

.358 

.383 

.407 

, 432 


.310 

.330 

.350 

.309 i 

.389 


seldom had to be adjusted by as mu(‘h as 2%. In making the ad- 
justments, the observed temperature (’(Kdlic'ienis of both solid and 
liquid at atmospheric pressure w^as acc<q)ted as most probaldy correct 
and retained with only immaterial smoothing. Also the observed 
change of resistance on passing from the litpiid to the solid at various 
temperatures was accepted as essentially <‘orr(*ct. With these as 
fixed data in the table of resistances, the other nunisurtMl values for 
the decrement of resistance were adjustinl to smootluu'ss with as little 
change as possible. 

The resistances as thus smoothed are shown in Table IV. The 
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Ficurk 5. Relative n^sislanccH of potassiurti at. w^vtTal couBtaiit i(aiip(‘ra- 
tures as a. function of jm^ssure. 


bility of the glass, assuniingfor the liiK‘ar expansion 0.067, and for the 
linear compressibility 0.0r,S. Tlu‘ eorn^etions so introduced are much 
smaller than usual, l)eeause of tlu' \'ery larger prtvssure and temperature 



so 


HHIIHIMAX. 


eoenicieuts of this suhstaiiot^. 'Plu* <*orr<H*tion for tlu' ihonnal ex- 
pansion of the glass is ptaan^ptibh' as a ehaiigt‘ of oiu^ unit in the last 
figure in only one part of tiu' tal>Ii\ and tlu‘ inaxiinuni eorreetion for 
the coinpn^ssihility is of th<‘ eonassponding rt‘sistanee. It is to 

be noticed that tlu‘ tabh* eontains r<‘lativ(‘ sp(‘ei{i(‘ iwsistanei's, and not 
relative “observed” resistane(\s, as is tin* (‘ast* for all nu'tals which are 
measured in wire forni. It is also to bt‘ notieiai that tlu‘ table con- 
tains the resistances of both solid and li(pud; tlu‘ (hanain of the solid 
is separated from that of the li((uid by a luaivy liiux 
The data of the tabh^ hav(‘ Ikhmi plottta! in h'igun* o. The first and 
most striking rc^sult shown by (lu‘ tabh‘ am! tlu' figiire is the great 
magnitude of the elTe(‘t; it is not (‘(puillcd by any otlu‘r nu'tal, and is 
exceeded only by bhudv phosphorus among llu* substances which I 
have measured. At 25*" llu^ rt'sistamH^ of t ht‘ solid at 1201K) kg. is only 
27,5% of its resistance at atmosplunde pn^ssuiax At the higher 
temperatures, where change of phas(‘ occurs, tlu‘ rtxsistama' at 12()0() 
may be as little as 12% of tlu‘ atmospluum* vahux At the melting 
temperature at atmospheric pn^ssurt' the <*o(dli(‘i(‘nt of tlu^ liquid is 
greater than that of tlu* solid, but th<‘ eocirumait of th(‘ Ihjuids shows a 
quite marked decrease with rising t(‘mperaturt‘. 

TABLK V. 

POTASSHJM. 

Relative Values of Specific Rcsistauco on th(‘ Melting C'urvc. 


T('.mporutur« 


UnsiMlunri* j 

CenUpiradc 

kg/ciie 

Uttiuul 

Solid 

02.5° 

0 

2.050 

1 .220 

05.0° 

2200 

1..5I0 

0.9110 

130.0° 

r)4a(i 

1.12S 

0.72.S 

165.0° 

9710 

0.772 

0. 19S 


In Table V are shown the resistances, also in tmnns of tlu' rc^sistance 
of the solid at 0° at atmospheric pressure as unity, at the melting 
points, ^ Within the limits of error, the ratio of spc'cific* resistance of 
the liquid to that of the solid at the melting point is m*arly independ- 
ent of the pressure and temperature of melting. Tlu^ experimental 
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A^alues found were 1.G64 and 1.50 at G2.5° and 0 kg., 1.493 at 95.7° and 
2260 kg., 1.550 at 132.2° and 5G50 kg., and 1.550 at 1G7.0° and 10000 
kg. The higher of the two values at atmospheric pressure was not 
satisfactory because the capillary was not filled as well as usual, there 
being obviously minute cavities between the surface of the metal and 
the glass, and that result was accordingly discarded. The remaining 
results show tliat the ratio is almost exactly constant, and in comput- 
ing the tables the following values were used; 1.5G at 0 kg. 1.555 at 
2200 kg., 1.550 at 5430 kg., and 1.550 at 9710 kg. 

The value for the ratio of the resistance of liquid to tliat of solid at 
atmospheric pressure may be compared witli that of other observers, 
Bernini has found 1.392, and Northrup ^ 1.53. It is to be seen that 
my value agrees much better with that of Northrup. This entire 
question of the ratio of the resistance of the liquid to tliat of the solid 
is still in a most unsatisfactory states experimentally, and results by 
different observers disagree by much more than can be accounted for 
by errors of measurement or by impurity of the materials. All values 
with which I am acquainted, lioth for potassium and other nu'tals as 
well, have been obtained from meiisuri'inents of the licpiid in a glass 
capillary, and from measurements of the solid in the same caiiillary 
after freezing. The resistance of the solid is without doubt likely to 
be largely in error because of strains and because of cavities formed 
during freezing. Matthiesen,® in his early work, found discrepancies 
in measurements of tlie resistances of the solid of as much as 5% which 
he traced to this cause. What is more, after the solid has once been 
formed, and is again melted to the licpiid, there may be cavities be- 
tween the surface of the liquid and the glass. Bernini has found large 
discrepancies in the resistance of the li([uid due to this cause. Further- 
more, in most experiments, there has been a film of oil between the 
surface of the metal and the glass; irn'gular cai)illary effects in this 
film will introduce error. Mu(‘h of the previous work should be 
repeated with increased precautions. Measurements on the liquid 
should be made with a capillary completely filknl in vacuum, and the 
liquid should not be allowed to freeze. The specific resistance of the 
solid should be obtained from independent measurements of the bare 
metal, preferably extruded to ensurci complete freedom from cavities. 
Measurements on l)oth solid and liquid should l)e made over a wide 
enough temperature range to allow unquestionable extrapolation to 
the melting point. No measurements should be given much confi- 
dence which show premature rounding of the corners of the melting 
■curve. It can now be stated with confidence that all such premature 
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rouiulhig is thu‘ to impurity: iu tlu‘ <‘arly days of this kind of measure- 
ment then' was room for honest (piestion wlu'tlu'r tlu' ahsolutely pure 
substanee wouh! show prt'inature roumlina: or not. 

Whik' it cannot b(' elaiiiu'<l that tiu' nu*asur(‘mt'nts above meet all 
thest' r('(piir(‘ments, it is <‘vident that any (‘rror from cavities must be 
negligible when fia't'zing takt's phu'c umk'r thousands of atmospheres, 
and as far as purity got's, the potassium us<m1 abov(' never showed any 
preliminary rounding, thus iK^aring out tlu' observations on the same 
material on the nudting eurv<'. The imdting of Ik'rnini’s sample was 
not abrupt, and took place at ()2.0r\ lU'arly O.o'' ludow that of mine. 
Northrup records the value' for the nudting point of his specimen; 
this is so high that it seems that it must b<‘ dut' to e'rrors in tempera- 
ture measurenu'ut. 

The value wiiieh I found for tIu' t<‘mp(‘ratur<‘ (‘o(‘fli(‘i('nt of n'sistance 
at atmospheric pressure' is (‘onside'rahly lowta* than that of either 
Bernini or Northnip. Tlu' first found O.OOtiOl lu'twe'c'n 0^^ and 50°, 
and the latter found O.tKloS, in teuaus of tlu' n'sistaiuH' at (fk \ between 
20° and 50°. I found tlu* ndation to he liiu'ar, and tlu' value of the 
coefficient, eorre'cted for tIu' ('xpansion of tlu' glass, 0,00512 Ixdween 0° 
and 50°. My value for tlu' litpiitl is, on tin' otiu'r hand, larger than 
that of Bernini. I find for the' nu'aii eoe'llieic'ut Ix'twex'U 05*^’ and 130° 
0.00403 of the resistance at 95^\ ami IkTuini give's Ix'twc'e'u 90° and 
100° 0.00358 of the value' at, 05*'. Nort lump’s \alut', nxlueed to 
fractional parts of the' re'sislaneT at 0r/\ is 0.003t2. 

In using the Table, caution should lx* euuploye'd not to force it 
beyond its accuracy. In particular, tex) imu'h importanee should 
not be attachc'd to the variation of the' dillVrt'mx's with te'mperature. 
If at any time in thc'ore'tieal work it shotild Ix^ important to know 
exactly the variations of pre'ssure and te'mpe'rature' eoe'dieie'iits with 
pressure and temperature for small range's of prt'ssurt', this work 
should be repeated wdth apparatus capable of mt'asuring prt'ssures 
with greater sensitivermss, and the prt'sseire's should not Ix' pushed so 
high as to introduce irre'gularitie's in the' glass. In this work the 
smallest pressure steps wmre 1000 kg., and no re'adings were' made 
between 0 and 1000 kg. Where the change's an' so large' in an iiite'rval 
of 1000 kg. it is entirely possible that some' esse'utial ek'tail of Ix'havior 
may have been overlooked, or sin()e)tlu'(l out in ('e)nstnu’ting the' Table. 

Magnesium. In the previous pap(*r on the resistance of metals 
under pressure it was possible to give only \'(‘ry rough value's for the 
pressure coefficient of magnesium. DiOic'ulty was |)re'viously found 
in making good connections because of the impossibility of soldering: 
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magnesium and because of the very high resistance of the film of oxide 
on the surface. With a potentiometer method of measuring resistance, 
however, this was no longer a difficulty, and accordingly the attempt 
was made to get more accurate values. 

Measurements were made with two samples of magnesium. The 
first was from the same piece as that on which measurenuaits of resist- 
ance and thermal e.ni.f. have been already published, and was a 
contiguous length from the same spool as the e.m.f. sample. It was 
originally obtained from Eimer and Amend, of commercial quality. 
The method of manufacture of magnesium, however, is such that 
impurities are not likely to get into it, and it is a matter of experience 
that commercial magnesium is of higher absolute purity than most 
commercial metals. The second sample I owe to the kindness of 
Dr. MacKay of the Research I.aboratory of the (hmc'ral hdc^etric Co. 
It had been especially purified by him by distillation in vacuum. This 
was extruded hot to wire of about 0.020 inches dianuder, the sani(‘ in 
dimensions as the other specimen. Both specinu^ns wct(‘ mounted 
in the same way for the measurcanents, by winding bare on a boiu^ (‘ore. 
Contact was made with spring clips. TIu' rc\sistanc(' at tlu^ contacts 
was so high that eriw might be introdu(‘ed b(‘(‘aus(‘ of fluctuations of 
the potentiometer current, unh'ss the pr(H‘a,ution w(T(^ taktm to 
brighten the wire with sandpapcT imm(‘dia,t(‘ly iindcT the clips j\ist 
before assembling the apparatus. With this pr<‘(‘aut,ion no trouble 
was experienced from contact x‘esistanc(\ 

The measurements on the first samph^ of niagiu\sium w(T(^ made just 
after the apparatus had been constru(tt(‘d, and Ix'fore all points in the 
best handling of it had been settled, so that ther(‘ wct(‘ a numbc'r of 
incomplete runs. In all, tluTc^ were ten runs on this sampl(% five of 
them complete. The incomplete runs w(‘r(‘ given due weight in the 
final results. The maximum deviation of the individual rcwlings 
from regularity was of the order of 1%. It will not pay to rtqxroduce 
the results in detail, because this sample was prtvsumably l(‘ss pure 
than the second, and the results ar(^ somewhat different. 

Three runs were made on the scicond and purcu’ sample^ at 51® and 
95®, after three preliminary applications of 3000 kg. at room tempcTa- 
ture to season. The results were smoothed and a '^Fabki (constructed 
in the regular way. The readings ran rtcgularly. At 0® the zero dis- 
placement after the run was 1.0% of the total effect, at 51® it was 1.2%, 
and at 95® 0.85%. These displaciunents ar(i also (‘sscmtially the same 
as the maximum ck'partures from a smooth curv(‘ of any of tine other 
observed points. The results are e.xhil)ited in Table VI and Figure (> 
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TAHLK VI. 
MAtiNHSUM. 


Temp 


I’t'CMsurr t 'cM‘ni<*inil 

\ v«'r.MK4' 

At It .At icnnn kg. n fjnnit 

Maximum 

I t(^viation 
IVom 
Linearity 

er(WHure 

oC 

Maximum 

I>cviation 

if 

1.0000 

"-0.0,177 


•0.0,10S0 

.oo2:is 

(ipOO 

m 

i.iorn 

•102 

:ms 

•lOlM 

10(i 

5900 

100 

i.:iooo 

■170 

nil 

•10 IS 

2s:i 

1 

5()00 



Magnesium 

Figure 6, Results for the ineaHurtHl n'sLstauee of uuiguesiuin. The 
deviations from linearity are given as fracitions of tht' r(*sistan('e at 0 kg. and 
0°C. The pressure coefiieient is the av('rag(^ (‘oidIi(‘iiuit. Ixd.vviH^n 1) and 12000 
kg. 

in the same way as the results of the prtndous papt'r. The average 
pressure coefficient decreased with rising Itunpiu-aturts whicli is 
unusual. The relation between resistance and prc'ssure dt^parts from 
linearity in the usual direction, but it is unusual that the rtdation is 
more nearly linear at 50® than at either 0® or 100®. Th(‘ pressure of 
maximum departure from linearity niovt's progrtsssively towards 
lower values at higher temperatures. 

It is interesting to compare these valiums w'ith those found for the 
first and presumably less pure sample. Tlie ttuuperatun^ coefiieient 
of the first sample was 0.00412, against 0.00390 for the second, and 
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the relation between temperature and resistance was liiu^ar Ix^tween 0° 
and 100°. Here we liave the unusual ease of the presumably purer 
substance with a smaller temperature coedicient. llecent observa- 
tions of Holborn ® iiiake it likely, however, that the behavior of 
aluminum is similar, and it is not surprisin^^ if th(‘ Ix'Inivior of ma,|»Tie- 
sium and aluminum should be tlui sanu\ Tlu^ avTu-agc'i prt'ssure 
coefficients of the first sample between 0 and 12{)()0 k^\ werc^ --“O.Orrbh), 
441, and 43G at 0°, 50°, and 100° r(\spect.ivc4y. This is secai to be 
about 10% higher than that of tlu^ second sa,mpl(‘. The two sa,mpl(^s 
agree, however, in having a cocdlicient which (l(R‘rea,s('s with rising 
temperature. The maximum de{)artures from limnirity of the im- 
purer sample were also nearly the same as for tlu^ pur(‘r, tlu‘ ma,\'i- 
mum deviations l)eing 0.0028, 0.002(), and 0.0029 a.t the thrtH^ tem- 
peratures respectively. Tiie deviations from Iin(‘a,rity of the first 
sample were symmetrical with resp('ct to ])r(‘ssur(‘, in viwh (‘as(^ the 
relation between pressure and nvsistance Inhig r<‘pr(\s(‘nta.bl(‘ by a 
second degree equation, and the pressure^ of maximum dc'viation 
being at 0000 kg. The first sanqde dilfers from tlu^ s(‘(‘ond in not 
showing a closer approach to lim'a-rity at 50° than at: tlu^ otiuu* two 
temperatures. 

These new and more acxairatx^ rc^sults diffcT’ consid(n*ably from the 
rough value given for the first sampke, it was statxMl in tlu^ previous 
paper that the average (X)eflici(Tit for th(‘ first sami)le was probably 
- O.O555. 

Calcium. This material was obtaimnl from the Researcti Lal)()ra- 
tory of the General Electric Co. through the kindncNss of Dr. Langmuir* 
An analysis by Mr. N. S. Drake by the nuthod of dilfercmces showed 
not more than 0.1% total impurity, the (TTor of the measurements 
being 0.1%. Qualitative analysis showed no d(d.(x;tible impurity 
except a trace of iron, too small to detxTminc quantitatively. 

The calcium was furnished in the form of a solid ingot about 1 inch 
in diameter. Pieces of the appropriate siz:e wer(i cut from it with a 
hack saw, and were formed into wire 0.013 inches in diameter by 
extrusion through a steel die. An (extrusion pressure of the order of 
10000 kg per cm^ was required. A phenomenon shown to a more or 
less pronounced degree by all metals during extrusion was particularly 
prominent with calcium. If the extrusion pressure is pushed too liigh, 
or sometimes for no apparent reason, the wire will suddenly break and 
the metal spit out of the extrusion block in long gulps or small pieces. 
This spitting forth reaches explosive violence in the case of calcium, 
.and the fine dust into which the issuing wire breaks takes fire spon- 
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tam‘(nisly. ''llu' c\p!<>si\(‘ souikL the flash ol‘ hn* and the pungent 
sniok(‘ art' likt'ly {tt In* ratht'r ti'i-rifying; on first t'xju'rit'nee. For 
nearly all nu'tals tht' t'lh't't ean ht' gnaitly rtsiuot'd hy a proper design 
of flu* (lit'; tlu' Ih'sI shape' ttf tht* (lit* varit's from nu'tal to nu'tal. 

In spitt* of tht' .satisfaetorini'ss td* tin* eht'inieal analssis of this 
sainjde, it must lx* rt‘et)g:ni7a*d that tht're may |>('rhaps havt* het'u in this 
speeimen niinutt* impuritit's which possibly may luivt* t'xerted an 
appreeiahh* (‘ift'et on tht* t'leetrieal prop<*rtit‘s. It has ht't'u the experi- 
ence of tht* (h'lu'ral Hh't'trit' < 'o. that tlifft'rt'nt sam])}t‘s of calciiiin, 
with no p<'rc('])tihh* cht'uiit'al diflVrenet*, odVr v(‘r\ difVt'rt'ut rt'sistanees 
to ('xtrusion. 'Tlu* eift'ct may not ht* oht'init'ah and its t'xplanation is 
entirt'ly ohst'un*. I'ht'rt* is no way of knowing; wht'tht'i* tlu* sjK'ciinens 
diflicult of (‘Xtrusion art* mort* or h'ss likt'ly to lx* impurt', and no con- 
imetion sct'ins tty !\a\ t* ht't'u hyoktal for ht'twt't'ii t'xtrusityn and (‘lectrical 
characteristics. Tlu* spt'cimt'U list'd hy mt* was diflit'ult of t'xtrusion; 
W'c cannot now’ inakt* an>‘ ust* eyf this fact, hut if in (lit* futurt* tlu* cause 
of the variations sluyuld ht* fount!, it is wt'll to ha\‘t* tht* characteristics 
of this spe(‘inu*n rt*c‘ordt‘d. 

TcnupcTuturt* had to ht* raist'tl to dtH)*' or hight'r ftyr succt'ssful ex- 
trusion. Altliougli (‘Xtrusion would take* plact* at hy\vt*r tt'mju'nitures, 
the ware so fornu'd was hritth*, and (‘ould ht* hantllt'd only with diffi- 
culty. In any ev('nt, tin* hc'st wirt* that (‘ouhl ht* fornit'd had to be 
handled with care. It. hrokt* if ht'ut mort* than onct* at a sharp angle, 
and was (*ntirt‘ly ditfer(*nt in its propt'rlit's from sodium, h'xtrusion 
took place dirt'ctly into tlu* air, hut as flu* wirt* t*xudt*d from the die, 
it was wmud inmu*diatt*ly onto a spool covt'rt'd w'ith a protecting 
paste of Nujol and parailine. (‘ht'init'al action hy tht* air is much 
slower than in the case of sodium and lithium, hut is no It'ss (‘oniplete, 
the wire eventually cnimhling away inttj dust aftt*!* standing several 
weeks. Even the Nujol and paraffint* dot's not. act as a. (‘oiuph'te pro- 
tection, but there is eitht*r dirt'ct action or t'lst* slow diirusion of the 
air through the protective coating. In (>rdt*r to a.\'oid t'rror from this 
effect, the wire must be mounted in the prt'ssurt* apparatus and 
measurements made as soon after t*xtrusion as possihh*, whih* it is still 
, bright. Unless this procedure is follow’ed eflVt'ts from tht* high re- 
sistance of the surface film are mu(*h mort* trouhh'sonu* than for any 
other metal I have tried, not excepting niagiu'sium. With fresli wire, 
however, such effects become vanivshingly small with propt'r manipula- 
tion. The contact resistance may always jump spasmodically under 
increases of pressure, but with fresh wire the contact can always be 
sufficiently restored by tlie momentary passage of a currt'ut from a 
small magneto. 
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The wire was wound as usual hare ou a hone eon', and eoinu'ctions 
made with sprin^i** clips, using a ])rot('C‘tive coating of gold foil at the 
point of contact. 

Runs were made on two sainph's a.nd at iWc tenipt'ratnn's, 

50°, 75° and 9,()°. Tlie runs on tin' first sample' wc'n' (('rininati'el hy tlu' 
failure of the insulation of tlu' three~t<‘rminal ping. Tlu' t ransmitf.ing 
medium was Nujol and petroh'uin ('then (da'inical action was n<‘V('r 
entirely ahsc'iit, hut as in the ease of sodium, it. was mostly eonfiiu'd 
to low prt'ssures. It increase's rapidly with rising ti'inpi'rat nre', and 
at 96° was so rapid that 1500 kg. was the' lowe'st, pn'ssurc' at which 
readings were atU'mpted. Tnlike' sodium and lithium, calcium shows 
pronounced sc'asoning ('llects of pn'ssun', and tlu' runs at 25" and 75°, 
which were those of tlu' initial aj)plication of prt'ssure' to tlu' two 
samples respe(‘tiA’('ly, wa're' much h'ss n'gnlar than tin' snhse'ejue'ut 
runs. Ih'cause of the' lU'ce'ssit.y of ohlaining re'adings rapidly hecanse' 
of chemical a,ction, pre'liminary se'asoning appli(*a,t ions of pi’e'ssnn' we're' 
omitted, anel the' initial runs we're' inclnde'd in the' fltnel rer.idts. \i 25° 
the total zero shift (initial aj)pliealion ) was *1.2^, of the' tedal pre'ssure' 
effect; at 0° 0.5%; a.t 50° at. 75° (initial applie'ution ) 0.0^'y',; 

and at 96° (ze'ro ta,ke'n from 1500 kg.) .\t 25" anel 75" the' indi- 

vidual points lie' ve'ry cle>se‘ly e)n twe) sme)e)t.h (*nr\e‘s, elilfe're'ut, re>r in- 
creasing and (k'cre'asing pressure', dlu' incomple'te' se'asoning shows 
itself in a se'eiue'nce of re'adings like' that of an ope'u hyste'ri'sis loop. 
The opem e'nel of this loop at a,tmosph('rie pre'ssure' has the' width give'ii 
above hy the ze'ro (lisj)la.e*e'in('nts. .Vt the' othe'r te'inpe'rat ure's the 
readings also show a, te'nde'ncy to hyste're'sis (‘ife'cts, hut, the' eh'partnre' 
from the mc'an is much h'ss. \t 0" the' maximum de'part.nre' of any 
single point from the smooth ('urve' re'pre'se'uting the' nu'au of the' 
points with incre'asing arnl de‘cre‘a.sing pre'ssure' is 1 .2^, of the' total 
effect; at 50°, 1.5%; and at 90", 1.5%. 

The tempc'rature e'ex'dicie'nt of re'sista.nce' a,t at.me>,sphe‘ric pre'ssure' 
was de^te'nniru'd hy the* same' me'the)d and at the' sa.m(' time' as the' 
readings for soelium and lithium, d'he' “ ohse'i’ve'd” re'sistance's, which 
are the mean of {)oints with ase'e'uding a.nd eh'sce'neling t.e'mpi'rature', 
at four te'iiiperature's (0°, 25°, 50°, anel 75") all lie* within t.he* limits of 
error (one part in 7000) on a se'cond de'gre'e' curve'. The' te>tal shift, of 
the zero during the' run, pre'sumahly due' to che'inie'al ae'tion, wa,s 1.0%^ 
of the total tempe'raturc' e'lVcct. The' value' give'U in the' t.ahh' for the^ 
resistance at 100° was ohtaine'd from the^ se'conel de'gre'e* (*ur\’(‘ hv 
extrapolation. The nmau coe'llicie'nt he't.we'cu 0° ami 100° de'te'rmiiu'd 
in this way is ().0()3327. 



94 


nUllH'AWX. 


41ir curfllcifat <»!’ rr-i-taiUT of < 'ah'iuni at atiu()s])lieric 

prossiin* has hrou |»ro\ i(»u>iy iiu'a-au'od }>y Nhaihrup,^^ \vlu> found 
l»ot\vcrn tr and UK) tho \alut‘ O.OtVJir., and hy Swislior,^^^ who found 
tho ndation hcluorn i(iu|M'ra{urt‘ and rosinancr to i)<‘ linear hotween 
if and iHHf, and tin* otudUcii'nt ni lu* O.iHKidl of the value at tf. An 
t‘\annuati<ui <d’ SwiNher re-ult*' slnnvs that there wt're eonsidt'ndde 
imsgnlaritit's. tnni tlnit within his limits of err<»r it is not possible to 
say whetlu'r his c*tu‘iheient !n‘twe(‘n t) and liH) ‘ is ^aTt'ater nr less than 
niy value aluue. 'I'ln* h»u \alut‘ of Northrup is prohahly due to 
impurity iti his saniph*. 

In suKuithin^ tin* (‘\p<‘riuu‘utal rt'suhs for tin* most probable tiual 
valut'S, the usual proeedun* \sas h>ll(n\e<i. ''I'he results at each temper- 
tdur(‘ wtur first smoothed iudepeiidt-ntiy, and then readjtist(‘d so as to 
give smooth temperatma* iliUVnanavs. The ellVet of iusullieieut 
seasoniui*: in the runs at 2o ‘ and To was shown hy tin* i<;r(*at(‘r read- 
jttstimmts nt'eesstiry at these t(‘mperatnr<*s. din* mavimum read- 
juslmtmt lUHH'ssary wais 0,0^ ( at it , h<i% at lio' , 1.9 ( at oO", 

7rA and 0. 9;;. at inf. 


'rABhK VI h 

( '\t,<*n M. 



O'’ 


.liuus* 

.'.IV' 

75' 

100'’ 

0 

l.O(MH) 

1.07 IS 

1 . 1552 

I .2102 

1.2227 

1000 

1.0107 

1 .osr»9 

1 OUIS 

1 .2522 

1 .215 1 

21H)0 

1.0217 

1 .0974 

1 , 17S9 

1 .2li51 

1 .2589 

2000 

i,o:i;«) 

1. HK)2 

1,1012 

1 .27SO 

1 .2725 

4000 

1.0447 

i.l2i:t 

1 .2029 

1 .20M 

1 .2865 

50(K) 

1.0569 

1.1210 

1.2171 

1 .liir.i 

1 .4008 

6000 

1.0696 

1.1472 

1.22ty9 

1 .uiin 

1.4157 

7000 ' 

1.0H27 

1.1009 

1 .2 151 

1 .2241 

1.4211 

8000 

1.0962 

1.1751 

1.2599 

1.2495 

1 .4470 

9000 

1.1102 

1 . 1S96 

1 .2749 

1.2650 

1.4621 

10000 

1.1247 

1 .2045 

1 .2902 

1.2SI0 

1.47t)7 

11000 

1.1296 

1 .22t)0 

1.2064 

1.2976 

1.4969 

12000 

1.1550 

1 .2260 

1 .2229 

1.4147 

1.5146 

Average 

Coefficient 

+0.0il292 

+0.0il242 

+ 0.041210 

+O.O 4 II 72 

+ 0.011137 

0-12000 kg. 
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The final results for resistance as a, function of pn'ssun' and teniiH'ra- 
ture are given in Table VI 1. The striking; and un(‘xi)<‘ct(‘d nsnlt, as 
in the case of lithium, is tlu^ positive' coeTicieait. The* co(‘(licienl is 
greatest at the lowest teinperature, having* th(‘ a veaaigx* \ alue 1 ().()il292 
at 0°. Both the instantaiu'ous and tlu' a.vt‘rag(' coc'diciiait increase' 
with rising j)ressur('. In both th(‘S(' particulars the' b(‘ha\ior is much 
like that of bismuth. The' absolute' value' e>f the' e‘e)e‘nieae‘nt is e>f the' 
order of half that e)f bismuth. 

Bismuth is abne)rmal in se> many e>the'r re'spe'e'ts than its pre'ssure' 
coefficient, that it se'e'iiu'el e)f inte're'st io hnel whe'tlu'r e'ahMUin lias the' 
same sort of abne)rma,litie‘s. The' large' ine‘re'ase' e)f re'sistane-e' e)f bis- 
muth in a magiu'tie* fie'hl is e)ne' e>f the' we'll kne>wn abne>rinal e'lfe'e-ts. I 
tried the e'ffect e)f a. fie'hl e)f appre)\iinate‘ly 27099 (Jaussem the' re'sastaue'e' 
of a coil e)f cah'ium, the' wire's o\‘ the' e'e>il be'ing e‘\e‘ry whe'ri' at right 
angles te) the' fie'hl, anel lounel a. eh'e'n'ase' of r<‘sistane*e' e)r only 1 lt;99. 
It is ('vielemt, there'fore', that any paralh'lism b(‘twe*e'n the' (‘onelne’tion 
mechanisms e)f cah'ium a.nel bismuth e'anne)t be' \e‘ry comph'tc'. 
more exluiustive' in\e'stigatie)n e>r the' varie>us pre>pe'rt ie's e>f ''ah'imn 
than has yed; be'e'ii imule' se'e'ins we'll we>rth while'. 

In a previeius pape'r it. has be'e'U she)wn that the' abne)rmal pejsitive' 
pressure coe'ffic'ients e)f re'sistane'e' e)f bismuth and antimejuy are* assen 
ciateel with value's eif the' the'rnial e'xpansion abne»rnial as coiujiare'd 
with the other preipertie's. d'he' same' e'euujiariseju lor e*alcium appe'are'el 
of intere'st, but the' tlu'rmal e'xpansiejii of cah'ium has a[)pa.r<'(itly ne>t 
been pre'viously me'asure'el, anel I acceirelingly maele* spe'cial me'asure*- 
ments of it. 

The thermal e'xpansiein was eh'te'rmine'el by e)relinary nie't heals, 
using a glass elilate)me‘te‘r. Hu' calcium was the' same' spe'cime'u as 
that from which the' re'sistance' sample' was cut. It was tunu'el e>v<'r 
its entire surface in the' lathe, anel finislu'el te> a (‘ylineh'r abe)ut 9 cm. 
long anel 20 env^ vediinu'. The surbu'e' was sme>e)th, withe)ut bh)W- 
holes. In the glass elila,te>me'te'r the' calcium was surre^uneh'el with 
Niijol. The cah'ium anel Nujed hael be'cn j)re'vie)usly he'ate'el te>gt‘the*r 
in another ve'ssc'l te) 199^ to ave)iel as far as pe>ssibh' <*he'mical ae'tion 
during the elilate)nu'ter reaelings. I )is(‘e)h)ratie)n e)f tlu' surfae'e' e>f the' 
calcium by this prc'liminary lu'ating was ve'ry slight. Air bul>bh*s in 
the dilatonu'tc'r were' a\'e)iele'el by filling in \ae‘uum. d'he' Nujol is 
so viscous that without spe'cial pr('cautie)n e'rreu* may be' intrexlue'e'el 
by sticking of the Nuje)l te) the walls e)f the' e'Upilhiry. 'Hiis e'rre)r was 
avoieled by hc'ating the e'apillary be'fe)re' the' re'aelings with a. small gas 
flame, and by making re'aelings with increasing te'iupe'rature'. A pre'- 
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liuiinary atttiiipt was luadr to a\ui«l th*' error hy using petroleum 
'Ctlun* as tin' uualiuiiu uhich is very muoh more fluid than the Nujol 
This was uusueeessful lu'eause <»f eluuuieal aetiou lu'twaam the petrol- 
euiu t:tlu‘r and tlu‘ eahaum. Headings of tlu‘ expansion of the cal- 
cium and Nujol niadt‘ at *Jo and oO ’. At dO'" a very few 
exceedingly mimitc‘ l)ul)l)h‘s ap|)ear(*d, prohahly th<» heginning of 
■chemical u<‘tiou. Accortlingly tlu' reuilings at dir \v(‘re discarded. 
The auxiliary data ntsaled in tlit‘ computation wina* obtained from the 
^lilatations wlnm tin* dilattaiu‘tt*r was entindy filltal with Nujol and 
with nunaairy n'spt'ctivtdy. Tin* volumes of tin* dila(om(‘t(‘r and the 
capillary wtai* obtained \ >x weighing tin* nuT<'ury nniuitaxl to fill them. 
Tin* bore of tin* <'apillary was calibrat<*<l for uniformity by eonvt*ntional 
methods. The «l<*nsity of tin* (‘aleium was obtaiin‘d by W(*ighing it in 
air ami under Nujol. I'ln* densities gi\<*n an* eorrt'eted for vaeuuni. 

The following values wt'n* <»btaiin*d for ealeium: 

Density at 21 ‘ I .ddlid 

('o(*nieient t>f \ohmn* expansion, 0 {<> ‘Jl O.OObOTd. 

The values for Ntijol W('rt* ohtaim‘d iueidentally smd are iveorded. 

Density at 21’ O.STsb 

( d)efru*i(*n( of vohmn* expansion, 0 to 21* , 0.000717. 

Sthontu'M. 1‘artieular int<‘rest attaeh<*s to thi% nu'tal bt'eause of 
the lac't that it is uinh'rneath etdeimti in the p<*riodie tabh*, and ealeium 
is umisual in ha\inga ptrdtivt* e<K‘frn*i<'Ut. d'ln* material 1 own* to Dr. 
G. K. Glas(*(K*k, who very kiinlly [daeed at my dir posal soun* of the 
material whose |)r(*panition and propi'rties In* has drr.et ilH*dd^ The 
metal w’as pri*[)ar(*d l)y the (‘lt*etrol\ sis of ihr* fii.sed .*alts. It was in 
the form of fused nodules of sonn-times two or thn*<* <*ubi<* e{‘ntinn‘ters 
volume, and had he(*n kept sin<‘<‘ pn*par*titi<m umh*r k('ro.sc*iu'. Some 
sort of aetion had tak(*n piatn* lu‘(ween tin* metal art*! the* k<*ros(‘nt*, 
sunder which most of the* keros(*in* <li.''a})peared, and tin* nn'tal lu'eame 
coated with a fine gi'uy povvdr*!*. Hn* at'tion of (*{deium on kc*ro.s(*ne 
I have found to he V(‘ry similar. On scraping olV tin* gray ])o\vder, 
the coherent nu'tal is found underneath. On <*utting into tin* eleaiu'd 
nodules with a cold chisel, slug-lik(* inclusions an* sonn'tinu's found. 
Lithiimi prepared by electrolysis .shows tin* saiin* appearance. By 
careful selection it w'as possible to find pie(‘(‘s largr* c*nough rrt‘c from 
these inclusions. 

TL he measurements were made on tin* metal in iliv form of wire 
approximately 0.020 inches in diumeter, form(‘d by (‘Xfrusion from one 
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of the selected pieces of eleur metal. Tlu* <‘v!ni am i cmh 4 dm.i,-i. 
easier than that of caleium, and may he siuhv , ;!nli> |H rh.rin. .1 .n a 
temperature of 2:Uf. At room temperattire the* metal iui ^ uiif oi 
die in small pieces. The wire is fairly st»ft ami plmhle and i-aii l« i.mii 

to a radius of perhaps ten tunes the (Iuuueti‘rc»f dm \ufv. Imi if m 

different in ineehanieal properties from tlm alknh mna! . h a * 
sodium, and shows brittleness if too sharp a head i . nf oanpfr*!. 

Previous ineasuremeuts on tiu‘ ehaUricad proprrfie. frMiifiiiia 
seem to have been pid)lisluMl only by Mntthu'aaid^ Hr r.frmh d fb« 
metal to wire in much the sainu‘ way us alnor, Mr idw- Ims dn- 
specific resistance at 20'" the value 25 X 10 « (dmm p**^; ^ 

found at 0° for my spetanam tiu^ valm* dt).7 10 Tbs pr. iiurii 

is presumably considerably puna* than Matthir md. and tbs. alto* 
would seem to be pr(‘f('rr<‘<l. Matthirsm diti not aitnapf In mrii ui»- 
the temperature eotdiieicuit ol n'sistjim’t*, probable brraii r **! s* i t 
ance of the contacts, llv <lid not u.s(* a ptttiioitsmrlrr m» flmd. bin 
had to eorn'Ct as In^st he could for tlu* rod .(anrr «>f lii It ad and * <*n 
tacts. With a pot(‘ntiomet(‘r method as u tn| hrn\ du r* i rm ir b 
difficulty. Tlu*r(* is dini(‘ulty, liowrvrr» in tlu* rluamrid artum 
accompanying eha-ng(‘S of t<‘mp(‘ratur<\ vshirfi prodnn ji. uii.uiMi! 
changes ol* resistance. l'/rn»r from this ciTrri ua a;«»!d*'.i b: fh«' 
same proeedun^ a.s that ustal prc\ iondy fur tbr alkali sm* fal Idun 
thermostat(‘(l baths W(‘r(* kc‘pt rdmultant*f»n d> in npriaiiMU, an ! tku- 
specimen transh'rnMl rapidly from one to amulirr, dT« bat* war \h;i 
immersed in a glass tulx* of Nujol for the mra ntf nu-ni . tb*- \ujt*! 
having been prc'viously hcattMl with stulium to rmur, « all iii»m inn- 
and exhaust as far as p<»ssiblr all tendriu'y to rluiinral hoIkmi Fii' ir 
nevertlieless scaans to liavi* briat soiiu* apf^edir ardon brUu-rn tb*- mi! 
and the strontium, Afiout liftei*n miimtr. wt-r*- rrt|nitid l-a ilir 
attainment of UMipH'ratnn* (apnlibrimn after the uht* lari b- rii 
transferred from out* bath to the nt*\t. Umdin * u.-rr mad* widi 
ascending and d(\sc(‘nding P‘mp<‘raturr between it and Oi* . a.ijuii,.* 
withO® and ending with 0”. Tlu* mean of the a emdsn;: .or I *k . * nd 
ing readings was tak(*n as tlu* true ellVi-t, Tin* p -rmanmi . li.Mrr • mi 
zero after the excursion was 12^ of the maximum oIIVmi, din- hi. ut 
coefficient between (b* and lOt)' fouiul from tlieu* readim:; . w.i u.oii t 
The effect is not (pnt(*rnu*ar with temperature, but flu*eliam:e b ^ msu. 
more rapid at tlie higlu*r t(‘m[)eratur<‘s, m U normal. 

The value of the tempi'raturt* t*oeHieit*ut is tjuife iiorinal fm' piirr 
metals, and in tlie abs(*n<*(* of furtlu*!* information, mala* n pruiiablM 
that this material was of satisfactory purit \ . It i i umI pt* . ible im 
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th(‘ iniaK'sis from tho lyovtif* / o t » 

"f liw scpanii,' .‘Iccinily.st's wm- not 
tl.c dillVroal han.lus uvro indis.aarni.nih-i 

-suppli-al to .no. Tlu. loa.st pur " . < as 

in.puritv. and the i:.;; ti:!;';; 

In-sHuri' auawurciiKTifs \v<>rt‘ nnuU* d. tl.,v ' i 

Tlu> win* was «,sa,l ban* ' al ii;' 
iaa<l(> with spring <dipa. Tho rcswf.i.u. r , ‘'“'"’''‘■tioas were 

during- (h(> runs, and somt'tinK's liccaiiia ir !* 1 1 increased 
th('n be r(‘<lue<'d by paasinija hiirh tension ” ' ' ‘‘soiuelv !ar^t('; it could 

ti.rou«h tlH* eontaeL. Th. win ' wa TaZ;'7i‘ 

cation of :«KK) )<«. at room ten-p.-rabin*- ti ,’^7’'' 

ehantte of zero after this application 'Ph,. f’‘™‘PtibIe 

5 ().r)“, and !t 7 « a* tin. 1 , i i f "nide; at 0 “ 

taken as 50(1 kg. in order to*pn‘vei'it'*'T*'"-' *!”' 

at atino.spherie I)re.ssttr,7,bfain<Hl < ‘'’"“T 

chemical aetivify <.f tWs mrrL^^ h < ’->nsid<.ri„g the 

regularity. At 0° tlu re was n . ■‘^i“>'\'ed a gratifying 

maximum departun* of anv of 7 ^ “•’%• The 

was 1.6% at (f, 1.2^1;, at kf and'evT Ti'"*''' '"’t" ‘•'“ve 

97°. The ()h.s(*rv(*<l r,.sLlnJ h7>% at 

structed for th(; resistance at re 1 7''*" nnd a table con- 

ture in the regular way imc.sstire aiul tm 

, ^h© results arc vsliowu in vttt . j iv 
increases under pressure the same ^ ^ 7' 'I'''”'*' ’‘‘'^i^hince 

furthermore very^irgeTt is 'T is 

three times that of hisnL?h anT^tT 

yet found. The behavior ^s b, 7i tlic largest positive* eodlicient 

pressure, the cnvyl l cZc^^^ ? 

rapid at the higher Dressurct the cdiangc* Ixicoming more 

smaller at the lugher^emperatures''' Thf ‘'‘ t’' "'arkedly 

becomes smaller at the higher nr» " ^ instantaneous cot*fficient 

bismuth. One may be putzled^t 

the instantaneous coefficient i« •’('jison for this is that 

at the pressure in quttion wSrlT resistance 

higher pressures, whereas the heemnes rapidly greater at the 

of the initial resistance at 0 kg calcmlatcd in terms 

Kg- -I he resistance .shows a regular drift 
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Pr(‘ssur(^ 

kjr/oni" 


0 

KKK) 

2000 

2000 

4000 

5000 

()000 

7000 

SOOO 

9000 

10000 

11000 

12000 

Average' 

0-12000 kg. 

C-oellieit'nt 
at 0 kg. 


(loc'fHcient 
at 12000 kg. 


tC 


1 .0000 
1 .0510 
1 . 105S 
1 . 1022 
I .2220 
1 .2S50 
I .;k50S 
1 . 1190» 
1 .4910) 
1 ..5070 
I .0)40)2 
1 .7290 
I .SlOO 


I ().OiO)SOO 


0.0)502 


0.0)492 


Rrsisliuu’t* 
;»u ' 

1.I70..S 
1 .2220 
1 .2900) 

1 .:{5I9 
I . 410*0) 
1.4S42 
1 .5.51 1 
1 .0)2SO 
1.70.51 
1 . 7S.52 
1 .SOSi 
1 ,9.5.50 
2.OM0) 


I 0. 0)0)1 10 


0.0,1.50 


0.(M51 


ino ’ 

1 ,:;s 2 s 
l . 1241 
I . 19()S 

1 ,:m29 
( .0*214 
1 .092*0 

1 , s:)27 
1 .9:;si 
2,0272 

2 119S 
2.21.57 
2,20 11 


j 0,0i.501 1 


0.0, .2.51 


0.0)422 


with increasing teinjxTatnn', At 0^ tlu' third d( 2 ‘iva,tiv(' of the 
resistance as a function of prc'ssure is positives at oO*" it is yato , and at 
100° it is negative. 

Mercury. I have already puhlislu'd r(\su]ts for tiu' r(\sistaric*(' of 
liquid mercury as a function of pressure* ainel teanpe'rature*,^"^ hut I 
have now found it possible te) (‘onsieleTahly e'xteud tlie* range* e)f the* 
previous work. Previous W'ork eui the* liepiiel was he‘tvv<‘e‘n 0'^ and 
and to 6500 kg., and a few vt*ry re)ugli e(ualitative* re‘sults W(‘re* ol)tainc‘d 
for the solid. The results for the li(|uiel have ne>w he*e‘n e*xt(*n(le*d ov(*r 
the temperature range 0° to 1{)()° and e)ve*r the* i)r(\ssure' range* to 12()()() 
kg. In addition, the resistance of the sediel has he*e*n ae(‘urate*ly nie'as- 
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lin'd ill () ’ hi'tWfcu tile solidify iiij; pri'ssun' (7(110) ;md 12000 kg., and 
till' I'lmngi' of rt'sistiuu'i' on solidifying at 0“’ has hi'cu also determined. 

'Hu' liiiuid was meastirt'd with the Cart'y h'lister liridge, by the same 
method list'd for most metals in thi' form of line wire. Tl'ie mercury 
was eontaineil in a I'-shaiH'il eaiiillary, anti I'onnt'i'titms were made to 
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t^caHurc, Kjc. /Cui/ X 10* 

Strontium 

Figure 7. Ilelative rewiBtanceB of Htroiitiimi at Hi‘V(‘ral const, ant tempera- 
tures as a function of pressurii. 

the mercury by amalgamated copper wire's diijping into cups at the 
upper ends of the U. The resistance was about 10 ohms. The capil- 
lary was of Jena glass No. 3880a, tlie same grade of glass as that used 
in the previous work. This particular (*apillary was blown in 1907, 
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.and had been last used in 1011, when it had b(‘<‘n <‘X|)os(h 1 to (lu‘ 
freezing pressure of ni(‘rcury at 0”, and had sinec‘ Ikhui r<‘sting in a 
dust proof container. The ineasurenuaits on t lu‘ liciuid n‘eonl(‘d lu^re 
were made in 1917. The te(‘hni((U(' of tlu^ pr(‘vious work has 
considerably improvcxl in the intt‘rval b(‘tw(‘(‘n 190S and 1917. Tlu‘ 
transmitting liciiiid used in 190S was a mixture^ of wat(‘r and glyecaniu*, 
and elaborate precautions had to b(‘ tak(‘n to avoid short (‘ireuits. 
The licpiid is now a hydrocarbon, and the insulation pro|H‘rti(\s arc^ 
perfect. The values now obtahuxl for th(‘ ehaug(' of n'sistanet' ditbu* 
by about 1.5% from the prewious on<‘s. Part of this diirc'rtauH' is 
perhaps to be ascribed to improxamu^nt in t(H‘hni(jUtx part to ehang<' 
in the behavior of tlu‘ glass, which has Ikhmi n'sting t(m yiNirs sine<‘ 
blowing and annealing, ainl perhaj)s part to diHVr(me(‘ in tlu* standard 
of pressure. My very (^arhkxst rcxsults, which ri'ac-hial to only (iotM) kg., 
depended on a pressur(‘ ga.ug(‘ of snialka* rang<‘ and somc'what dillVnait 
construction from that us(‘d in all my subs(‘(juent work naiehiug to 
12000 kg. or morcL All this lat(‘r work d(‘})(‘nds on the same' gaugt‘, 
and assumes as th(‘ fundanuaital constant that th<‘ fn'ezing pr<‘ssur(‘ 
of mercury at is 7()‘10 kg. Any diser(‘paney now fotmd with th(‘ 
former values for tlu^ r(\sistane(‘ of nuaaairy cannot adeet the \ alidity 
of any of the laUa* work up to a rang<‘ of I2(H)9 kg. 

The glass was s<‘ason(‘d Ix'fon' th(‘ measiinamaits by an application 
of 11300 kg. at room t.(anp(‘ratur(', and tluai by raising t<'nip(‘nttur(‘ to 
96° while still luuka* j)r(‘ssur<‘. h'iv(‘ runs w(‘r<‘ mad<‘ on tla* hhjuid, in 
addition to the scaisoning runs; th(‘S(‘ wer(‘ at. O", ‘Jtt’, o()’\ 70'*, and 97'\ 
The maximum zero displae('m(‘nt after a run tit any of tin* t('m]>(‘ratun‘s 
was0.4()%ol th(‘ total (‘Ih^et, Th(Mna.\imum<l(‘parlure from a, smooth 
curve of any of th(‘ obsc‘r\ (‘d points at any txauptaxit ma^ was O.C/b' of 
the total etlc‘(*t, and th(‘ ])oints usually lay on a smooth eurv(‘ within 
the senslti\'en(‘ss oi th(‘ rc'udings, which was aibout ont‘ j)iirt in 5(100 
of the maximum (‘fhx't.. 

Ihe obstTwd r(‘sid(.s wcaa* smootlu'd l<»r pr<‘ssur(‘ and t(‘mp(*r{ilm*(‘ 
and a table constru(*t.(‘d for th(‘ resista!i(*(‘ at uniform int(‘r\als (h‘ pn's- 
sure and tempcu’aturc* in tlu' n'gtdar way. *Th(‘ r(‘.''astane(‘ of th(‘ li<juid 
is shown in Tabl(‘ IX, and the eoefH<*i(‘nts an' shown later in dable XX. 
Ihe resistanc(‘s givcai in this tabh* an‘ eorr(*e{ed Idr th(‘ c'ompri'ssi- 
bility and thermal (‘xpansion ol th(‘ glass, using th(‘ \’ahn*s air(‘a({y 
given. The corr(‘(‘tion for tcanpcaaiturc^ amounts to a change df 
observed resistamx^ ol (),0007 for tlu* rang(‘ of 100'*, which is about 
of the nieasur(‘d (dfeet, and tht‘ eornx'f ion on th(‘ j>r(‘ssur(‘ (hTeet 
is 0.0007 i or 1000 kg., which is initially th(‘ pressur<‘ (‘hangex 

The values givcm in th(‘ Table are, tlunadong relative^ valius of the 
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wliidi_w<,,uTh rhLr'r *‘‘' 'r,'"! ‘' '‘.V''"‘‘'': '»•■ Ox' ’-'‘Histance 
l)Ut with tl»‘ total iifHs '('liiim/ * "* xrinl)l(‘ (iinu'Msums, 

xu-ntioned. At 'hr the ,.i„ old nssiilts .should be- 

found to he ().i7,s(i uLul s/^Tl' 

formula givt-H for tlu’nS * old value ().15ti2. The jirevious 
when used for ovtmix.lation T ''“‘■“•‘■K'xxl results 

“u'ut of resistaui l* , w *'“■ <l<-erc- 

computtui by the foriuula nr* •' ^'1 »Kain,st th(> value 0.2li0() 

mately the saute turihl L! wT!‘"lf ‘M'proxi- 

values iit ortOO kj, o ' \ “ * IU‘‘‘'^'‘(»us and f lu- itreseiit obstTved 

previous work the ett'eef- tempenitun' rtuige of the 

constant pressure. Over '''«« tiikeu its liiuuir tit any 

present work, this is founfl r,/* *^t^**7, '‘‘“'b'c of the 

hwouies greater at the hitrlier '** * ’ ‘‘llVt-t of temperature 

minimum non., oko . . o r temperatures, and oasses! ilirmiD-li n 


bwomes Mer'irthclilg'Cr ^ te.nperature 

minimum near 25° At ^ fcrnperatures, ami passt's through a. 
between resistance and ternnr**^*^***" howeiuT, the rt'lation 

be limits of error, which are '*IVoo**** found to he linear within 
- resistance the s2l ^"btl resistance. 

the solid under pressur<> was uteasunul by filling 
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a capillary oi' very thin .u'lass with (h(‘ li(jui<l, t^xposin.u' to a pro;.sun‘ 
sufficient to freeze it, and inakinj;* nuaisurenu'nts on (!i(‘ solid vim- 
tained in the ‘^•lass without alhnviui;' tlu‘ pn'ssnrt* to fall low <‘nouL!:h to 
melt the mercury. By tlu‘ us(‘ of thin ,uiass 1 hop(‘d to <*liniiiiafe oiT(»r 
due to the constraining’ action of tlu* (‘ontainer. If was nec(‘...sa!'y to 
use a capillary of ratlua- lari;'<‘ s(‘(‘tion, lK‘<*anse of the nieehaniea! dilli- 
culties of blowing- and liamllinjL!: a v<‘ry lin<‘ capillary witli (‘\cc‘.;si\ ely 
thin walls, and th(‘ potiaitionn^tia* method of iiieasnnamart was 
therefore used. Tlu' h^ads wcaa^ of liiu' platinnni sealtnl llinundi tla^ 
glass. Under pr(\ssnr(‘ 11 h‘ glass eraeked annind the st*al;, hut <»f 
course this introdne(‘d no ('rror in tia* nieasun'iinaits of the s<iii(L 
Only one set of int^asuiaMiumls was mad(‘ tm tia* resistane(‘ of the sdhti, 
at 0°. Measiircaiaaits wta’t' ina<lt‘ on tla‘ litpiid up to tla* freezing 
pressure, pr(‘ssnr(‘ was flam inen‘as(‘d \a‘ry eantioirds luwojal tla* 
freezing point so that, fr<‘ezing t(H)k ])la<*t‘ slowly, aiul the :H>lid :u> 
formed was s('iisoiu‘d hy tin (‘xcursion to llitHK) kg, ami hack imarly 
to the fre(‘zing pn'ssun*. Ihanlings W(‘re now made in the domain of 
the solid to 12()()() kg, I1a‘s<‘ r(‘ti<iitigs w<’r<M‘\ee(‘<lingls‘ re;;ular: I law' 
showed no d(‘i)tu’tur(‘ from tla* smooth ctirv<‘ w ithin tla* sen.-itis <'ness 
of measurenu'nt, whi(*h tina)nnt('d to oia* |)ar{ in Id(H) on tla* total 
effect for tlie rangt* TdlO to 12000 kg. 'This was gratifying, heeause 
it showed tluit tht* v(*ry thin glass <‘\(*rt(*d no pt*reeptihh* constraining 
effect. Ill the pnwious work witli tla* Ii((ui<l in la‘a\ glass <*apiU 
laries very irregular r(‘sults wen* found nfli't* tla* na-tsd laid frozen. 

The relative values for thi* r(*sistanc(‘ of tla* .solid an* shown in 
Table X in terms of tla* n'sistanci* of tla* solid at TO 10 kg. and 0" us 
unity. In comparing th(‘.s<* valu(*s with those* of tin* licpiid it must lx* 
remembered that tlu* vtilues for tla* .solid an* n‘lativc* \’alu<‘s of tlu* 
“observed” resistaiu*!*, and must la* <*orreet(*d by a. factor <*((ual t(» tla* 
linear compressibility in ord(*r to giv(* r(‘lativ<* vahH*s <»r .s[M‘<*ifi<* n*.sist- 
ance. The pre.ssure (•(K*llici(*nt of “<>bs(‘rv(*d ” n'sistam*!* may he 
found from the table to he — 0.0.i2:h), and within tlu* .s(*nsitivi*ia*s.s of 
the measurements it is constant over tlu* pn‘.ssur(* range from 7tM0 to 
12000. This value for the pressun* eoefrieit*nt is sonu'what high<*r 
than the minimum value set in the pn*vious work, w'hich was —O.OifJ. 
The accuracy of the pr(*vious wawk for tla* solid was so low that it was 
stated that the maximum value for the solid might not impossibly (h* 
ten times the minimum. The pre.ssure c<H*fficit*ut of tla* solid is v(*ry 
nearly that of the liquid, w- liic'h is — ().()&224 at 0500 kg., wla*ii corr(‘c*U*d 
by one third the volume compressibility of tla* li<{ui(l m(*rcury so as 
to be strictly comparable with the value for tlu* solid. It is surprising 
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I h(‘ rutiiv ul iln‘ :nu‘(* <4 t}i<* litjuM In tluil oi (lit* >nli(| .*if Ihr fr(‘('ziiii»: 
point ut 0“ aiul 7() 1(1 is H.H {.7. 

tliat th(‘ valu(‘s tor tin* .solid and tlio litjuid an* so closi*, and still luove 
surj>risin|i; that tlu* Mihu* tor tiu* .solid is ^’n‘at(*r than that for the 
Ikpiid. llu* iornua* ron^j^h work sn|;'p*sn‘d (ho oppositi* and more 
tiaUiral Ixdiavior. 

Ihe ratio ot tlu* (’(‘sistaiun* oi tlu* s.olid to tliat of (!h* liquid at the 
irceziug prt‘ssure may also lu* oalonlati'd from (ho moasun'iuents. 
In view ot the t*.\tr(‘nu‘ can* tak(‘n to eoni|K*l tlu* rns‘'/inji; to slowly, 
and the fact that wlu‘n tlu* apparatus \va.M taken apart tlu* capillary 
was found erac'ked only at tlu* lK*nd, it is proha! >!<* that tlu* ol>s(‘rved 
ratio of resistaiu'e ot solid to Tupud r<‘f(‘rs to the n'lativt* r(\sistanees of 
material occupying spact* of tlu* sunu* <linu‘nsi<ms in tlu* liquid and 
solid states, that is, to rt'lativi* vidm*s <»r tlu* s[H‘(*ih(* !‘esistan(‘(‘. The 
\alue found for the ratio ol r(*sist.an(‘(* of rujuitl to solid at 0° and 
7640 kg. (the equilibrium eodrdinat<‘s) was lo. "Idiis falls within 
t e range of tlm very irregular valut*s fouml in tlu* prt‘\ ioiis work. 

Gallium. The raw material from which this ran* m(‘ta] was pre- 
pared I owe to the kindness of 1 )r. K. Stock of tlu* Burt h‘svillc* Zinc Co. 
ilie- purification I owe to the kimlness of Ih'olessor T. Wh Hi(‘iia,rds. 

0 was engaged in a redeterinination of the atomic weight and certain 
0 er p ysical properties, and was kind enough to iueludc* some of iny 
raw material with his, and let me have some* of the purili(*d product. 
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by a discontinuous change ttf n*di tanee, and lorliHi,; t* os 
ing. Unexpected dinic’ultieH ueri' I’ouiid in tli* i im i..;, 
extrusion is performed at rtHun ttunpeinfme, tli* n,, ml n.t h 
the one-sided stress instead <»f t-stnidim* leriioe..." o, 
is 29 . 85 ®), and if tliis eiffs't U avoided Ip ho^rfio,.; th*- 
the metal becomes so t*\eeedingl> uitf and hintl* di.i.! . t? 
very difficult. After an nnsueee:. diil nlienipt at o.mO) 

I tried extrusion at the tcnipemture of lee and -adt \t thi ■. t* 
ture the metal spit out of the die In diort pien- . I !i»¥, r 1 1 , d 
work, I did get a few itiehes cd wire ui ihi . i Jm ntn i* mp 
Perhaps some intermediate temperainre woiil*! \tr niMte n* 
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Meelianiciilly tlu' (‘xtnukMl win^ is vt^ry (*rysta.lline and brittle, and 
will support almost no bcmdin^j;:. \Vlu‘u (‘lu'losed in a glass capillary, 
however, and if tlu‘ capillary hri'aks a(*ross without breaking' the 
gallium, as sometimes happ(uis wlum the ca,pilla,ry is ruptuped by 
freezing, the metal imiy ht‘ pulU^d out by a tensiU^ stress and appears 
as ductile as lead. 

The extrudc'd wir<^ was us(‘d in an atUunpt to find the melting 
curve. Short huigths wcm'i' lava^d horizontally h(d;ween two copper 
wires, short-circuiting tluau. It was <\K|)<H*t,t‘d that when melting 
took place the systcmi would op<‘n circuit. Tlu‘ surface tension of the 
gallium proved to hi' so high, howeA i'r, t hat this nu'thod did not work. 
The metal, even wlu'u nu'lti'd, only saggi'd hi'twi'i'ii the supports, 
and no measurenu'uts could hi' ma.de. vSeveral modihi'ations of this 
scheme were tric'd wit.h indilTerc'nt succc'ss. 'Tlu'sc^ prt'liminary meas- 
urements made pretty c'vidc'ut, howevc'r, that t.lu'rc^ were no new 
modifications, and that aI)ov(' t.lu' normal mt'liing ])oint the metal 
remains licpiid at all pressure's hc'low 12000 kg. 

Measurements were now made' on the' re'sista,ne*e of the liepiid as a 
function of pressure ahove^ the' me'ltiug te'iupe'rature'. The liquid 
gallium was enclosed in a glass capillary, i)rovide'el with four platinum 
terminals, and measurements made' by tlu^ potentiometer method. 
The capillary was filled in high vacuum to avoid e'rror from air stick- 
ing to the w^alls- From a comparison of the' re'sistane*e of the capillary 
when filled with gallium and whem filU'd with mercury it was possible 
to obtain the resistance of gallium in terms of that of mercury, and so 
the specific resistance of licpiid gallium. 

After completion of measurements on the liquid, the temperature 
of the apparatus was lowered into the re^gion of tlie solid, and after 
some trouble, the liquid was induced to freezes Tlie melting curve 
was now determined by finding, as a function of temperature, the 
pressure at which the resistance began to change discontinuously. 
It was necessary to do this very cautiously. In changing pressure 
the thermal effects of compression might easily be sufficient to entirely 
melt the gallium, when long and tedious manipulation would be neces- 
sary to make it freeze again, because of the well known property of 
supporting great subcooling. In this way the melting curve was 
mapped out to 12000 kg. 

Measurements were also made on the resistance’ of the solid as a 
function of pressure while enclosed in the glass envelope, but there 
were irregularities, and it was evident that the solid must be uncon- 
strained in order to give reliable results. Accordingly a small rod 
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of solid gallium was s<‘ul|)tur<‘<! out with considiTaMr wiili 

a warm wire us a seul|)t()r’s tool, four platimnu tniniHai - wrw rf 
into it, and measun'numts of tin* pn‘ssui'(‘ cocfUrirtif of r<’ J i 

ance by the potx'ntionu'Uu* uK^thod, TIio t<‘iuprralin'<* riH*|!irirfH 
of the solid at a.tin()split'ric pn‘ssur(‘ was ahu) (ItUorudiioti uiih tin- 
free specimen. This seems to he tla^ (irst time that (hi * ha ; !n‘fn tlmaa 
Previous measunamaits of th<‘ ((‘iipHM'ature e(H‘nirieiii i»l' flu* t»iid 
have been on tin' solid in glass, and no eorroefion has hern applied 
for the constraining cdlVet of tlu' glass. Aftcu* tin* et»niph‘!lon of flu- 
resistance measurxMiuMit.s on tin- frt-e soli<l anotlier point ua . found 
on the melting eurvty which cheeked with (he point ; found pre\i- 
ously. The r(\sistane(‘ of tlu- solid showtsl no diseontinuitie , u it bin 
the errors of the nu-asun-nu-nts, and h{‘ne<‘ it is not likt-Iy that (hc*re 
are new modifications in tlu- n-gion of the nu-a aireiiu-nt n din ; wa . 
rather a disappointnu-nt. 
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The smoothed codrdinaU-s of tlu* nudting <’ur\(* an- gi\i‘n In dlihle 
XI, and the observed points with tlu- enrvf* an- shown in Mgun- K. 
For the melting point at atmosplu*ru! pn-ssure I ust-d the \alne 
determined for this saniph- hy Mr. Hoy(‘r, which is 2!kSo 1 dlus is 
lower than the value originally givcm hy (h-lioishaudran,^'^ dtl.lnl 
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but is higher than that given by Guntz and Broniewski/^ 29°. The 
value of Boyer is the mean of a number of values determined with 
extreme care, and is seen to fit perfectly with the values which I have 
found at higher pressures. Considering the extreme purity of this 
sample, there is every reason to give this value the preference. 



Figure 8. The melting curve of gallium. 


The melting curve has the same form as that of water and bismuth, 
the only other substances I know with curves of this abnormal type. 
It is characteristic of these curves that the slope becomes numerically 
greater at the higher pressures. The slope of the melting curve of 
gallium increases numerically by about 15% in the pressure range of 
12000 kg. 

The slope of the melting curve may be combined with other data 
to give the latent heat on melting. Boyer’s values for the densities 
of the solid and liquid at the melting point are 5.90 and 6.09 respec- 
tively. This gives 0.00529 for the change of volume per gm. on melt- 
ing. Taking from the above curve the value 0.00203 for the initial 
slope of the melting curve, and substituting in Clapeyron’s equation, 
we find 18.5 cal. per gm. as the latent heat of melting. Boyer has 
recently determined this to be 19.1. The agreement is probably 
within the error of the density determinations. The variation of the 
latent heat along the melting curve cannot be found until the varia- 
tion of the change of volume along the melting curve is also known, 
and this will require a larger sample. 

The ratio of the resistance of the liquid to that of an equal volume 
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of mercury at the melting point was found to be 0.2683, against the 
value, 0.272 of Guntz and Broniewski.^^ Taking for the specific 
resistance of mercury at this temperature 96.59 X 10"^ this gives 
25.92 X lO"® for the specific resistance of liquid gallium at the melting 
point. 

Three runs were made on the resistance of tlie liciuid as a function 
of pressure, at 34.2°, 02.5°, and 94.4°. Before the final measurements 
another run was made on another sample. Tliis run had somewhat 
greater error, but agreed with the final results within the irregularities 
of the measurements. The resistance measurements of the liquid 
showed a distinct hysteresis, doul)tless due to the action of the glass 
capillary. Any such effects would be expected to be especially large 
for gallium because the pressure coefficient of resistance is so low. 
The difference between readings with increasing and decreasing pres- 
sure might amount to 2.5% of the maximum effect. Except for this, 
the points lay regularly within the sensitiveness of tlie readings. The 
values obtained from these three runs were smoothed in the regular 
way, and the resistance tabulated at regular intervals of temperature 
and pressure. The results are .shown in Table XU. In this table 


TABLE XIL 
Gallium. 

llelativo Specific Resistances of the Liquid. 


Prossurc 


Rcsi.Htjmc<^ 


kf?/ cm- 



100® 

0 

0.()45() 

0.0()47 

0.()824 

1000 

.()4ir> 

,0005 

.0783 

2000 

.0380 

.0504 

.0743 

3000 

.(>342 

.0527 

.(>705 

-tooo 

,0308 

.0488 

.0007 

5000 

.0272 

.04.52 

.0029 

6000 

.0238 

.0418 

,0593 

7000 

.0205 

.0383 

.05.58 

8000 

.0171 

.0349 

.0522 

9000 

.0139 

.0310 

.0480 

10000 

.0105 

.(>283 

.0451 

11000 

.0075 

.0252 

.(>418 

12000 

.0044 

.0223 

.0380 

Average 

Coefficient 

-().065;n 

-0.06532 

-0.06.5.34 

0-12000 
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tlie unit of resistance is the resistance of the solid at atiiiosplicric 
pressure and 0° C. There may he some question as to the accuracy 
•of the value for the ratio of resistance^ of solid to liquid, hut this can- 
not affect the relative accuracy of tlie A'alues listed in the tal)le for 
the resistance of the liquid. 

The values listed in the table lunn been correatc'd for the tliennal 
expansion and compressibility of the fi:lass, so that, the values are 
proportional to the specific resistances. In luakiui; this correction the 
thermal expansion of the ^hiss was assuuK'd to be().0r,<S, and tlu^ linear 
compressibility O.OoT. The correction for thermal expainsion is small, 
and any error in the A'alue assumed for the co(tlicient cannot appreci- 
ably aff’ect the results, but l)ecause of the smallness of the piwssure 
coefficient of resistance, the corr(‘ctiou for the compressibility of the 
glass is rather important. The correction for eomj)r(‘ssii)ility, as given 
in the table, amounts initially to 1 1% of th(‘ })ressur(' co(dlieient. The 
compressibility of diffcncait varieti(‘s of glass varit^s a good deal; it 
is perhaps eoneeivable that the value assumc^d is as much as 20% 
different from the correct ou(‘, so that the ])Ossibility must be recog- 
nized that the ^aLlues given in tlu^ table for tlu' pressure^ cocdlicient of 
resistance may be in error by as much as 2%. 11ow(‘\'(m*, any correc- 

tion of this sort will not affect the rela.ti\'e eur\’ature, since the com- 
pressibility of glass is s(‘nsibly lin(‘a.r, and it setans justific'd to retain 
all the signiffcant ffgun's of the table. The (‘lf(H‘t of tlu^ corrections 
for the glass is to increase both th(‘ obs(a’\ ed temp(a*a,ture and pressure 
coefficients of resistance. 

The average pressure coefficient of tlu‘ li([uid to 12000 kg. is s(‘en 
to Miry little with temperature. In absolute vahu' it is sonuAvhat 
less than one half that for bismuth, and oiu^ sixth tluit for licpiid mer- 
cury. The curvature is in the normal din‘ction, that is, th(‘ coefficient 
becomes less at the higher pressures. 

The pressure coefficient of resistance of tlu‘ solid was measured 
only at 0°; at this temperature the (mtirc' pre^ssure^ range' of 12000 kg. 
was available, whereas at higher temperature's the' pre'ssure range was 
restricted, by the melting, anel the accuracy was proportionally less. 
The absolute resistance of the specimen was low, se) tha t measure'inents 
could not be made with as much accurae-y as usual. Ik'side the final 
run from which the tabulated re'sults were take'ii, sex'eral rougher runs 
were made wnth other samples; these agreeel with the ffnal results 
within the accuracy of the measurements. Within tlie limits of error 
the relation between resistance and pressure is linear at 0° to 12000 
kg., and the coefficient is — 0.05247. The maximum departure of 
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any of the observed points from a liiu^aT rc'hition \va,s 2.7% of the total 
effect. 

The constraining effi‘ct of a. <;-lass ca.pilla.ry on tlie solid is sliown by 
the low value, — O.Or.lOl, found for the c*oelIici(‘nt of the solid in i^lass. 

The pressure coeilicnent of th(‘ solid is s(‘(‘u to b(‘ n(‘^’a,ti\’(‘, that is, 
normal. This was rather a. surjuascs I laid aiiti('i{)a,tcal be(*aus(‘ of the 
abnormal expansion on freezing and tlu‘ fact tha,t bismuth also expands 
on freezing and has a. positive coeffi(*i(‘nt of r(‘sistance that; th(‘ cochli- 
cient of gallium might b(‘ positi\a‘ also. The' nnnuu'ical \'alu(^ of tht‘ 
coefficient of the solid is (fiiit(‘ normal, wIkmi compaixal with other 
metals. It is the value chara,ct(‘ristic of a hard iiH'tal, which in most 
other cases also means a, metal with a high melting ])oint. Tlu‘ coeffi- 
cient of the solid is of th(‘ ordcT of on(‘ half that of the' lic|uid. This 
again is as one would (‘X])ect, e^xcept for the abnormal \()hnn(‘ refla- 
tions on freezing. He)weve‘r, the soliel is le‘ss e‘e)mpre‘ssible‘ than the 
liquid in spite of its grea,ter volume' so that; from this ])()int e)f \-ie'w 
the relative inagnitueh's of the' pre'ssure ce)e‘ffie‘ient;s e)f liejuiel and solid 
do not seem unnatural. 

The tc'inperature ce)e‘ffie‘ie‘nt of re‘sistane*e‘ of the' uiu'onstraiiu'd 
solid was obtaineel from r(‘a.dings at. 0'^ anel 21.5°. The' ^adue' for this 
range is 0.0()39()d, an entirely .ne)rmal value'. Pre‘vie)us value's for this 
coefficient are excc'e'elingly unce'rta.in. (luntz a,nd Bronie'wski’s re'ad- 
ings were quite irre'guhir, the e'(fe'e*t e've'u rewe'rsing in sign above 18.0°. 
This may have be'cn elue te) the' ce)nstraining ellVct e)f the' glass; such 
an effect is to be expe'cte'el, anel in the' obse'rve'd dire'e;tie)n. 

It may be mc'ntionc'd that I maele' m('a.sureme'nt;s on the subcexde'd 
liquid at 0°, and founel the re‘sista,ne‘e' t;e> lie' on a re'gular })rolongatie)n 
of the curve fen* the re'sistanea' above the' nu'lting point, (bintz a, ml 
Broniewski, on the' otlu'r hand, found the' re'sistaruH' of the' lieiuiel to 
pass through a minimum anel te) in(*re‘ase a.gain in the' unsta.ble region 
below the melting point. 

The ratio of the resistance of the' se)lid to that of the' liejuiel at; the 
freezing point was founel from nu'asure'me'uts e>f the' re'sistance e)f the 
solid at 0° in the glass capilhiry and the re'sistane'e' of the' licjuid in 
the same capillary. The re*sista,nce' of the' solid wa.s extrapolated to 
the melting point with the' ce)effici('nt founel. This ])re)ce‘dure' may )>e 
open to some (piestion, l)ut it se'e'ine'el as satisfactory as any othc'r that 
presented itself. The' spe'cific resistane^c of the' soliel was fe)und to be 
1.733 times that of the* liejuiel at the melting pe)int. Ne)ti(‘e that the 
relative magnitude' of the x'olunu's governs tlie re'lative* magnituek's of 
the resistance; the soliel with the large*!* volume also having the larger 
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resistance. Gimtz and Broniewski found 2.09 for the ratio of the two 
resistances. 

Titanium. By the kindness of the Research Laboratory of the 
General Electric Co. I was enabled to make measurements on a fila- 
ment of titanium deposited on tungsten, which had been used for 
experimental work with incandescent lamps. The dimensions of the 
tungsten core were such that the total impurity of tungsten was only 
1.8%. The method of deposition of the titanium on the core is not 
loiown to me; the surface of the filament was distinctly crystalline 
in appearance, probably due to recrystallization after deposition. It 
had been glowed out in vacuum at high temperature after deposition 
in order to remove impurities of liydrides, nitrides, and oxides, all of 
which are readily formed with this substance. This glowing out must 
have produced alloying with the tungsten core, and the alloy so formed 
is evidently quite different in its properties from the pure metal. This 
may be stated with confidence because the General Electric Co. 
found for the specific resistance of this filament the value 350 X 10“® 
ohms per cm. cube, which is higher than would be given by the tungsten 
core alone. The same thing is indicated by the low value of the tem- 
perature coefficient, which was 0.000221. 

The difficulties of the pressure measurements were very great, and 
it was not possible to obtain results w'luch were at all regular. It can 
be stated only that the pressure coefficient is exceedingly small, 
probably not greater than 10“^ per kg., and that the likelihood is that 
the resistance increases with pressure. 

Zirconium. Two filaments deposited on tungsten in the same 
way as the titanium were made available through the kindness of the 
General Electric Co. The treatment of the filaments had been the 
.•same as that of titanium. It is probable that the temperature of 
glowing out had been sufficient to produce alloying with the tungsten 
■core. This is- strongly suggested by the low value for the tempera- 
ture coefficient of resistance, which, between 0° and 100°, was 0.00004 
for one specimen, and 0.00058 for the other. The dimensions of the 
wires on which these filaments were deposited would indicate a total 
impurity of tungsten of 1.8% and 0.6% for the two samples respec- 
tively. The impurer sample has the smaller coefficient, as is usual. 
The exceedingly low value of both coefficients indicates that the 
impurity has a specific effect, and that any results found for the pres- 
sure coefficient may not be very close to the values for the pure metal. 

In view of the probably large effect of the impurity, and also of 
the difficulty of the measurements, a great deal of effort wms not 
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put on this substance. The potentiometer method of measurement 
was used. This substance cannot be soldered, so that it was neces- 
sary to make connections with fine springs; slipping of tlie springs 
was perhaps accountable for some of the irregularities. The surface 
layer has a very high resistance, which again introduced irregularities 
u,t the spring contacts. 

Two runs were made on the impurer specimen, at 0° and 94°. The 
irregularities of the second run were so great that the results were not 
computed. Within the limits of error the relation between pressure 
-and resistance is linear at 0°, and the coefficient is — 0.0g5. 

The results on the second and purer sample were much more regular. 
Readings were made at 0° and 95°. At botli these temperatures the 
relation is linear to 12000 kg. The best value for the pressure coeffi- 
cient is — O.OeSOS at 0°, and — 0.0(5390 at 95°. The coefficient is 
seen to be very small; such small values have been found only for 
certain of the high resistance alloys. The specific resistance of these 
Zirconium filaments was also very high; 200 X 10“"® ohms/cm'^ is the 
value given me by the General Electric Co. 

Arsenic. Considerable intere.st attaches to this element because 
of its position in the periodic table above bismuth and antimony and 
below black phosphorus, all of which are abnormal in behavior under 
pressure. The arsenic used in this expiTiment was furnished by 
Eimer and Amend. It had been distilled in vacuum, but was other- 
wise of ordinary commercial quality, and I have no way of knowing 
what the impurities might have been. I attempted to cast it in a 
mold of pyrex glass, supported on the outside with magnesia, and 
enclosed in an iron pipe with caps tightly screwed on the ends. The 
melting temperature of arsenic was high enough to melt the pyrex, 
however, and the arsenic was found after the heating in the form of a 
solid slug in the lower part of the magnesia powder. It may possibly 
have come in contact to a slight extent with the iron of the pipe while 
in the molten condition. A slender rod about 1 mrn. square in section 
and 2 cm. long was worked out of the slug with a file and a hack saw 
.and by grinding. Grooves were filed on the ends, connections made 
with spring clips, and measurements made with the potentiometer 
in the regular way. I was surprised to find after I had completed 
the measurements that Matthiesen had soldered connections to 
arsenic, and I verified for myself that it is as easy to soft solder to 
this metal as to antimony, for example. In fact the completely 
metallic character of the massive casting is a surprise contrasted with 
the appearance of the sublimed material as ordinarily furnished. Of 
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course if I ever repeat this work I shall make connections by soldering. 

A measurement of the temperature coefficient of resistance showed 
a discouragingly high probable iinpurit\'; the average coefficient 
between and 95° was 0.0007G, whereas Matthiesen had found 
0.0038. The high probable impurity of this sample did not make it 
worth while to make any very extended pressure measurements. 
One run was made. There were considerable irregularities, but within 
the limits of error the relation between pressure and resistance is 
linear to 12000 kg., and the value of the coefficient is —0.05326. 

This coefficient is similar to that of a number of metals both as 
regards magnitude and sign. Arsenic is seen therefore to acquire 
neither the abnormal sign of the coefficient of its neighbors bismuth 
and antimony on the one side, nor the abnormally high numerical 
value of the coefficient of black phosphorus on the other. 

Liquid Bismuth. The pressure coefficient of resistance of solid 
bismuth is abnormal in being positive; it was of particular interest to 
find whether the same abnormal behavior liolds for the liquid. The 
bismuth used for these measurements was from tlie same lot of electro- 
lytic bismuth as that whose pressure coefficient was previously meas- 
ured. It was melted into a U-shaped fine glass capillary provided 
with four sealed-in platinum terminals for use with the potentiometer 
method. Special precautions were necessary to prevent the bismuth 
from cracking the capillary on freezing; this was accomplished by 
very slow cooling from the bottom up after the capillary had been 
filled with liquid bismuth. In this way congealing ran upward from 
the bottom of the capillary toward the open top, and no liquid was 
entrapped by the solid to crack the glass by its expansion on freezing. 

A special arrangement of the pressure apparatus was necessary to 
permit the electrical measurements. The same arrangement was also 
used with lithium, sodium, and potassium, but since the apparatus 
was first used with bismuth, it will be described here. The difficulty 
was with the insulating plug, which was packed with soft rubber. 
This would have been carbonized by the temperature of melting 
bismuth. The pressure apparatus was accordingly constructed in 
three parts, instead of the customary two. There was an upper 
cylinder, as usual, in which pressure was produced, and in which was 
located the measuring coil of manganin wire. This upper cylinder 
was connected by a stout tube with the cylinder below it, in which was 
placed the bismuth in the glass capillary. This second cylinder was 
surrounded with a bath of Crisco, by which the desired temperature 
was maintained by thermostatic regulation. Out of the bottom of the 
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second pressure cylinder was led another piece of stout tubing, which 
passed through a stuffing box in the bottom of tlie Crisco l)ath, and 
below the bath connected with a third prc‘ssiire cylinder. This tliird 
cylinder was kept cool by a bath of water at room tem})erature. This 
bath was stirred to maintain the tenii)erature imifonn, but it was not 
necessary to regulate the tempcaature thermostatically. In the lowcvr 
pressure cylinder was situated the insulating plug, of tlu‘ same (k^sign 
as used in all the work with the potentionu'ter nudhod. The plug was 
connected with the bismuth in the s(‘cond cyliiukT by four insulated 
leads brought dowm through the pip(' comu'cding the s(H‘ond and third 
cylinders. The insulation of th(‘se wires was aslx'stos; asix'stos 
covered copper wire is now^ a, eoninua-cial prodiud. In this w'ay the 
insulating plug was kept cool, so that tluaa^ w'as no danger of lea,kage 
or failure of insulation because of the high tem|)(‘ratur(\ Tlu' only 
trouble to be anticipated w^as large parasitica e.in.f.’s bc'causc^ of tlie 
large differences of tcunpcTature, but the parts in which tluax' w'ere 
temperature gradients wrtc composcal of (electrically homogeneous 
material, and no more trouble was found from this (elVc'ct than at 
ordinary temperatures . 

Runs were made on licpiid bismuth at 274.()”, 2b0.0°, and 229. G®, 
in this order. For ffiar of damaging tlu^ ca.])iila,ry (fused in })latiuum 
leads almost always make trouble under ])r(\ssure) tlu' |)rc\ssure was 
not raised to the maximum of this work, 12000 kg., until the last run, 
so that I did not obtain data for the iTsistancxe of tlu' lic^uid over the 
entire possible range. At 22i).()°, howcwer, |)r(\ssur(‘ was run to the 
maximum with no bad elfc'cts. After th(‘ measurements on the licjuid, 
the bismuth W'^as allowed to frcx^ze imdca* pr(‘ssur(s and mc'asurements 
were attempted on the solid. The rc'sults for tlu‘ solid werc^ not good, 
however, • probably because of strains introduced on frec'zing in the 
fine capillary. There wris no w^ay of controlling tlu^ frec^zing under 
pressure and making it take pla(*e from the' bottom up as had been 
possible in initially setting up the apparatus. The (‘Ifects of strains 
were apparent in two ways; the })rc\ssiir(‘ coellicient of resistance of 
the solid was negative o^aa* part of the ranges bc'low the solidifying 
point, whereas that of the unconstrained solid is positi\T‘, and the 
freezing point was depressed a couple of degives, wkich is in the 
direction to be expected if there are internal strains. Irrc'gularities 
introduced by these strains are of importance, howarver, only when 
it was desired to obtain the relative changes of rc^sistanee with changes 
of pressure, and it was possible to find a value for the change of resist- 
ance on solidifaction which should not lie greatly in error. 
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The readings on the liquid went very smoothly. Within the limits 
of sensitiveness there was no difference between points obtained with 
ascending or descending pressure, and except for one point, all of the 
observed points lay on smooth curves within the sensitiveness of 
reading, which was about 0.2% of the total effect. The observed 
values, smoothed for temperature and pressure, are shown in Table 
XIII in terms of the resistance at the melting point at atmospheric 
pressure as unity. The values tabulated are ''observed” values, 
that is, they have not been corrected for the thermal expansion or 

TABLE XIII. 

Bismuth. 

Relative Values of Observed Resistance of the Liquid in Glass Capillary. 


Pressure 

kg/cm2 

275 ° 

neslst.auce 

240 ° 

0 

1.0010 



1000 

.9900 



2000 

.9789 



3000 

.9684 

.9017 


4000 

.9584 

.9520 


5000 

.9490 

.9426 


COOO 

.9400 

.9336 

.9253 

7000 

.9314 

.9249 

.9169 

8000 


.9167 

.9088 

9000 



.9008 

10000 



,8931 

11000 



.8855 

12000 



.8783 


The resistance of the liquid at atmospheric pressure and 271.0° is taken as 
unity. 

compressibility of the glass capillary. It did not seem best to do 
this because of the uncertainty in the values for the glass at the tem- 
peratures and pressures of the measurements. The glass used for the 
capillary was an ordinary soft soda glass. The best value for the 
cubic compressibility is probably 2.7 X taking Amagat’s values 
for the compressibility and temperature coefficient of compressibility, 
and for the linear thermal expansion the best value is probably 8 X 10"®. 

The most important result shown by the table is that the pressure 
coefficient of resistance of the liquid is negative like all normal metals. 
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The positive coefficient of the solid is therefore presuina!)Iy due to 
its crystalline structure. The liquid behaves in other ways also like 
normal metals. When resistance is plotted ag*ainst pressure^, the curve 
is convex toward the pressure axis; that is, the ])ressure coeflicient 
decreases relatively (and also absolutely) at the hi^luu* pressures. The 
pressure coefficient is little affected l)y temperature, within this ran^m, 
and also the temperature coeflicient is little affected b;s’ pressur(\ The 
initial pressure coefficient of the ‘"observed” resistaiu'c at 27f)^ is 
— O.O4I23, which corrects, using the constants abo\T, to — 0.041*12 
for the specific resistance. Iloth of these co(dficients are to be dis- 
tinguished from the pressure coefficiemt of the “observed” resistance 
of a solid. The pressure coefficient of the li(piid is of tlie same magni- 
tude as that shown by the softer solid metals, such as lead, and is also 
very nearly the same numeri(‘ally, although of opposite sign, as that 
of solid bismuth. 

The temperature coefficient of the ""observed” resistaru'c at 275° 
is 0.00047, which corrects to 0.00048 for the co('flicient of tlu^ s})ecific 
resistance. This is about five times less than the value' for a normal 
solid at the same temperature. It is almost always true that the 
temperature coefficient of the liquid is matc'rially k'ss than that of 
the solid. 

At 7000 kg. at the equilibrium point, the resistance of the liepiid 
is approximately 45% of that of the solid. At atmospheric pressure 
Northrup and Sherwood found for the ratio 43%. There was con- 
siderable preliminary rounding of their melting curve, so their results 
are probably not any more accurate than mine, l)ut it is at any rate 
evident that this ratio does not suffer any large change with increasing 
pressure. 

Tungsten. In the preceding paper results were given for the 
pressure coefficient of resistance of tungsten, but the value of the 
temperature coefficient of resistance of the sample used was so low 
(0.00322) that it was probable that the tungsten wuis not very pure. 
Since the publication of rny earlier paper Beckman has measured 
the effect of pressure to 1600 kg. on the resistance of a sample of 
tungsten having a considerably higher temperature coefficient than 
my original piece, and has found a higher initial value of the pressure 
coefficient than I did. 

The sample of tungsten on which I previously experimented was 
the purest which the General Electric Co. was at that time in a posi- 
tion to offer me. I have since learned that it was probably "" doped, 
that is, thoriated, the impurity of thorium being 0.2 or 0.3%. Through 
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the kindness of the lUimnfaetnrers I ha.ve since been able to measure 
tlie resistance of two samples of “undoped’' tungsten of high purity. 
The Westing] louse I.a.mp Works ga^'e me a specimen which tliey esti- 
mated to contain less than 0.08% total impurity, and tlie Research 
Laboratory of the General Electric Go. placed at my disposal a speci- 
men which they estimated to be e\'(‘n piinT. Judging liy the test of 
the temperature coeiiicient the General Electric sample was appreci- 
ably purer. The average temperature coelhc'ient betwinm 0° and 100*^ 
of the Westinghouse sample was 0.008025, a.nd tliat of the General 
Electric sampk^ 0.004200. 

Pressure measurements were made on both sa.m])les, but only those 
on the purer are given in detail here. The treatment of lioth speci- 
mens was the same. The wire was 0.002 inclu's in diameter; it was 
wound bare on a bone core, and connections were made by fusing to it 
pure nickel wire with an arc in hydrogxm. This method of making 


IWIR.E XIV. 
4’'un<jsthn'. 


Temp. 

°C. 

IlesiHlmioe 

Pn^ssure: ('ocllieienl. 

A v<Tag(’i 

At. 0 kg. Al 12000 kg. 0-12(:00 

Maximum 

1 )evial.ion 
from 
[au(‘aril,y 

Pr(‘ssurc 

of 

Maximum 

D<;viul.iou 

0 ' 

1.0000 

-0. 0^,148 

-0.0.481 

-0.04840 

.00015 

5500 

50 

1.2084 

187 

188 

1840 

7 

7000 

100 

1.4209 

140 

18() 

18(;S 

14 

7500 


connections was taught me by the General Electric Go., and is simpler 
than the combination of gold and platinum wliicR 1 formerly used, 
although the former connection was just as satisfactory ek‘ctrically. 
The wires were seasoned by a long preliminary lieating to 125° and 
by an application of 12000 kg. Three runs w(‘re made, at 0°, 50°, 
and 95°. Except for two bad points, the greatest departure of any 
of the observed points from a smooth cur\'e at any of the tliree tem- 
peratures was 0.2% of the total effect, and the displacement of the 
zero after a run was not greater than the irregularity of tlie other 
points. The observed results were smoothed, and a talJe constructed 
for the resistance as a function of pressure and temperature by regular 
methods. The results are shown in Table XIV and Figure 9. The 
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relation between pressure and resistanet' is m‘a,rly liiu'ar, and the 
departure is in tlie normal direetion, that is, tlu^ eoellicitiit bc^eonjes 
less at the hig’her pressures. Tlu^ n'sults art* sonK*\vhat unusual in 
that the pressure coeiIici(‘nt dt)(‘s not advanet* i-egularly with iner(‘a,s~ 
ing temperature, but is less at dO'' than at (‘itiu‘r ()"' or 100''. Tlu* 
same behavior was shown by the im})urer samph* also, am! is dtMd>t!t*ss 
real. The departure from linearity is also less at, dO'' t.han at (*ith(*r 
0° or 100°. 



Figure 0. Ih'sults for (la* m(‘:isur(‘d n^sislauct* of (ungsi(‘n. ''Hk^ d(wia,- 
tions from liii(‘a,rity «n,r(* as fra.(*t.ions of Ok* r(‘sis(a,iu*(‘ at 0 kg. a,iKl 0"(k 

The ))n‘s.sure coetlieient is Ok* a.V(a*ag(‘ (*o(‘irK*i('nt l)('t\V(*<‘n 0 and 12()(K) kg. 


The results for tlu* impurer .sa.mpl(* w(T(* similar, but tlu* num(*ri<*al 
values were dilTereiit. Tlu* a,v(‘rag(* (*o(‘(Iiei(*nts to 1 2000 at 0°, d0°, a,nd 
100° being respectively — 0.()r,IdS7, 1221, a,nd 1202. Th(*s(* may be 
compared with the \'alues of the Tablt*; tlu* di(r(*r(*n(*t*s an* of the 
order of 01}% at d0° and 100°, but the din’er(*nc(* ris(*s to 2% at 0°. 
At 0° the coefficient of tlu* im]>iir(*r is hirgc'r, and at tlu* two other 
temperatures is smaller. 

These results imiy Ik* compa.r(*d with thos(* r(*c(*ntly publislu‘d by 
Beckman.^® He finds for tlu* av(*rag(* temp(*ra,ture (‘ 0 (‘fficient of his 
sample 0.00299, which is a trifh* higher than that of the impurer sample 
above. FILs initial pressure co<*ffi(‘i(‘nt at 0° is — ().0r,ldl, rt*duced 
from atmospheres as tlu* pr(*ssure unit to kg/(‘m". This value is 
2.7% higher tlian tluit of the impurer of tlu* two sample's aliove, and 
5.6% higher than that of tlu* purer. A comparison of the i)r(*sent 
results with my former ones shows that both of my new samples, 
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which are purer than my former one, have a higher pressure coefficient. 
It is evident that tlie sign of the effect of impurity on the pressure 
coefficient cannot be predicted with probability, as can the effect 
of impurity on the temperature coeflieient. At the same time the 
fact is to be emphasiz.ed, previously already found to hold in a number 
of cases, that the effect of impurity on the pressure coefficient is usu- 
ally much less than on tlu' tcunperatun' coefficient. Thus in the pres- 
ent case, a change in the teTn])erature coefficicmt of 31% (present 
compared with former work) is accompanied by a change of pressure 
coefficient of only 9%. 

Lanthanum. This material T owe to the kindness of Professor 
Charles Baskerville, wlio had prc'pared it from the fused salts by 
electrolysis. No chemical analysis was available, but a spectroscopic 
analysis by Professor P. A. Saimdcu-s showc'd a large aiuount of Mg 
(possibly 10™2()'5c') and a (‘onsidcu-abh' amount of Si. There was a 
trace of Ca, no Ba, and none' of tlu^ other rar(‘ cairth metals were 
detected. The rare cuirths tested for were (’e, Pr, Nd, Kr, Y, Yt, Dy, 
Lu. A nodule about one gram in amount was available for the 
measurements. A small homogenc'ous |)i(‘C‘(^ was cait from the nodule, 
and extruded to wire in a small die of special construction. It is 
necessary to heat to about 450° to extriuk', a,nd even then the extru- 
sion is a matter of some difficulty. Th(‘ wire' so formed is exceedingly 
stiff; it is evident that its elastic constants and its elastic limit are 
both high. It is quite brittle, and can be bent only into a circle of 
large radius. I prepared two pieces of wire, one a,t a sonu^what. higher 
extrusion temperature than the other; the mec*hanieal properties 
seemed unaffected by the temperature of extrusion. Thc^ wire on 
which measurements were made was only 1.7 cm. long, and was that 
prepared at the lower extrusion temperature. In order to attach the 
four terminals, spring clamps of special design had to be used; it is not 
possible to solder this metal. The clamps gave some difficulty with 
shifting of position, and the results were not so regular as usual. 

The temperature coefficient of this material l)etween 0° and 100° 
was only 0.001476. This is very low, and indicates that the material 
was not very pure. For this reason it did not seem worth while to- 
spend a great deal of effort on the pressure measurements, although 
these could have been improved by repeating the measurements 
with a longer specimen, which was obtained after the easiest extrusion 
temperature was discovered. 

Two runs were made for the pressure coefficient, at 0° and 50°. 
The ascending points of the run at 0° were entirely regular, but the 
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descending points were irregular, prol)al)ly l)eeaiis<‘ of slipping of th(‘ 
contacts. At 50° tlie ascending and descHUiding points agn^nl inort^ 
closely, but there were irn^gu lari ties both asecMiding and d(\se(‘nding, 
less in magnitude than at 0°, and av<Taging 2.7^,'^'. of th(‘ maximum 
pressure effect. 

The results arc collected in Ta.l)h' XV an<l Figun^ H); tlaw ar(‘ 
seen to be quite normal. The pnNssina^ (‘ix^llicitait is n<‘gatlv(% and 


'PABblO XV. 

LAN’TUANC.Nr. 


Temp. 

°C. 

Rcsi.sl.aiuu’! 

l*r<‘Hstirc e 

A vri'af,*r 

At 0 Uk. Ai i-*niK)kK. t) 

1 

M .1 vinuitit 

1 int inn 

runn 

1 .uicarit V 
■ 

Vti"iHuvo 

of 

X{ 

1 Xn ia 1 ion 

0 

1.0000 

~().().vi0 

'-o.o..2:> 

•'()m..22l 

.01)20 

:»si »o 

50 

1.0752 

20 

20 

,277 

4 

:».soo 

100 

1.1470 








Figure 10. The deviatioim from lincaritv <‘f th<‘ ni<‘asurt*<l resist un<’(^ of 
lanthanum in fractional parts of th(‘ n'Mistancr ni 0 kg. ami ()’ ( ’. 


increases at the higher tempi'ratun's. nie ndatiou lH*tw<‘(‘n priNssun* 
and resistance is also norrna], the eoidlieiiuit ludug snuilhu’ at. the higlu‘r 
pressures. It is perhaps unusual that tlu* d(^partur(‘ from lim^arity 
is less at the higher temperatures. Tlu^ diwiations from liu(‘arity an* 
so small and so nearly synim(*tri(‘al about the* nuTin pr<‘.ssure that it 
is not necessary to reproduce the <U‘viation ('urve graphi(‘ally. 

I have been able to find no previous valu(‘s for the six^ciflet r(*sist- 
ance of this metal The approximate value* for the* spe‘e‘ime‘u above*, 
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obtained from micrometer measurements of its dimensions, was 59 X 
ohms per cm. cube. 

Neodymium. This, as well as the lanthanum, I owe to the kindness 
of Professor Baskerville. Proh'ssor Sa-umk^rs was land enough to 
make a spectros(‘ 0 })ie analysis of this also. He found a large amount 
of Mg, a little Si and La, a tra.et^ of La, no Ba, and nothing else recog- 
nizal)le. He tested for the rare (‘arths Le, Pr, Y, Yt, Lu, l)y, Er. 
The form and method of preparation of tlu' specimen was essentially 
the same as that of lanthanum. It was e.\truded into wire 0.020 
inches in diametcu* at 450°. Tlu‘ extrusion was nuiterially easier than 
that of lanthanum. The wire is not so stiff, and may be straightened 
after extrusion without fear of breaking. Nevertheless it obviously 
belongs to the metals with high clastic constants and high clastic limit. 
The specimen used for thc‘ mcnsurcmcmts was 7.1 cm. in length; the 
manner of attachment of the connections was tlu^ same as with 
lanthanum. The greater Icaigth of the spc'clmcsi, a,nd j)erhaps greater 
skill in handling it, k‘d to much more rc‘gula,r rc'sults. 

A preliminary measurement of the temi)erature (‘oeflicient was 
made at 0°, 50°, and 95°. Within this range tlie relation between 
temperature and resistance was found to be linear, and the coefficient 
was 0.000799. This is extraordinarily low, much low’'er than for 
lanthanum even, and it did not secmi worth while to expend a great 
deal of time on the pressure measurements. 

Two runs were made for the pressure cc)c‘{ficient, at 0° and 50°. 
The results were ratlier regular. Tlu're was no difference between 
readings with increasing and decreasing pressure, and the zero was well 
recovered. The maximum departure of any single point from a 
smooth curve was 2.6% of the total effect at both 0° and 50°. The 
numerical results are shown in Table XVI. The values are quite 


TABLE XVI. 
Nkodymium. 


Temi). 

°C. 

Resistance 

Pn^sure Co(^ai<;i<uil, 

Av(^rage 

At, 0 kg. At 12000 0-12000 

Maximum 

Deviation 

from 

Lincaril.y 

Pressure 

of 

Maximum 

Deviation 

0 

1.0000 

-0.05238 

-O.O 5 IS 3 

-O.O 5213 

.00078 

6000 

50 

1.0400 

250 

197 

220 

87 

6000 
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normal. The coefficient is negative, and becomes greater numerically 
at the higher temperature. The departure from linearity with pres- 
sure is in the normal direction, the coefficient being less at the higher 
pressures. The departure from linearity is symmetrical, a second 
degree curve accurately reproducing the results, so that it is not 
necessary to draw the deviation curves. The deviation becomes 
greater at the higher temperatures, as is normal. 

I can find no tabulated values for the specific resistance of neo- 
dymium. The value for the specimen above, obtained from micro- 
meter measurements of its dimensions, was 107 X 10‘® ohms per 
cm. cube, about twice the value for lanthanum. 

Carbon. These results on carbon must be regarded as of an 
entirely tentative and orienting character. Present teclmical methods 
are not yet sufficiently perfect to permit of the manufacture of carbon, 
either amorphous or graphitic, of specifiable or reproducible properties. 
Any massive form of carbon always contains at least a slight amount 
of binder of unknown properties, amorphous carbon is always impure 
with a slight amount of graphite, and the purest graphite contains a 
small and unknown amount of amorphous carbon. 

Experiments were made on three samples of carbon. The first of 
these was supposedly amorphous carbon, an are carbon made by an 
unknown German firm. The second was Acheson graphite cut from 
a piece of graphite furnished by the Acheson C-o. for a resistance 
furnace, and presumably not made with any unusual precautions. 
The third specimen of graphite was also Aclieson graphite, furnished 
by the Acheson Co., in response to a special request for graphite of 
the greatest obtainable purity. It was stated by them to contain 
the minimum of binder, and to have been graphitized with unusual 
thoroughness, but otherwise its properties were not known. 

In view of the unreproducible character of the results it will not 
pay to give them in great detail. 

Two sets of readings were made on the gas carbon, a complete run 
to 12000 kg. and back at 30°, and a few readings at 9()°. This speci- 
men was about 3.5 inches long, and 0.154 inches diameter. Measure- 
ments were made by the potentiometer method, using the three 
terminal plug as usual. Connections were made to the carbon with 
spiral springs snapped into grooves filed around the surface of the rod. 
A preliminary seasoning was made to 6000 kg., but there was very 
little permanent change of resistance. At 30°, the resistance decreases 
with rising pressure, and the direction of curvature is normal, that is, 
the proportional effect becomes smaller at the higher pressures. The 
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percentage decrease of resistance was G.6S% at 6000 kg., and 12.07% 
at 12000 kg. At 96°, up to 3000 kg., the coefficient is about 4% 
greater. The resistance decreases linearly with temperature between 
0° and 100°, the total decrease for 100° being 2.56% of the resistance 
at 0°. The readings on this carbon were entirely regular, showed little 
difference between ascending and descending values, and an almost 
perfect recovery of the zero. 

The first specimen of Acheson graphite was cut from a rod of 1.5 
inches diameter to about the same dimensions as the gas carbon. 
Measurements were made by the same method. Three complete 
series of readings were made, at 0°, 51°, and 97.4°. The readings were 
not so regular as with the gas carbon, showing large hysteresis effects, 
rising at the maximum to 12% of the total pressure effect, and there 
were also parasitic e.m.f.’s so large as to necessitate a special arrange- 
ment of the constants of the circuit. The sign of the eff!ect is positive, 
the reverse of what it is for gas carbon, and there is very considerable 
departure from linearity with pressure, the coefficient becoming 
numerically less at the higher pressures. The total fractional increase 
of resistance under 12000 kg. decreases with rising temperature, being 
4.75% at 0°, 4.23% at 50°, and 4.23% also at 100°. The large 
departure from linearity may be judged from the fact that at 6000 kg. 
at 0° the increase of resistance is 3.44%, which is 72% of the increase 
under 12000 kg. The resistance decreases with rising temperature 
at atmospheric pressure, and the change is not linear. At 0° the 
resistance on an arbitrary scale is 1.0000, at 50° 0.9135, and at 100° 
0.8687. 

The second specimen of graphite, supposed to be especially pure, 
was subjected to a special preliminary seasoning in order to eliminate 
as far as possible the pores. It was sealed into a lead tube and 
subjected to a fluid pressure of 12000 kg. on the outside of the tube. 
The diameter of the specimen was reduced by about 2%, but there 
were a great many pores still visible to the naked eye. It was further 
seasoned by heating to 125° in vacuum; this treatinent should have 
removed all moisture, of -which no traces, however, were evident. 
This specimen was cut to the same dimensions, and measurements 
made in the same way as on the two preceding samples. Only one 
run was made, at 50°. This was terminated by an explosion at 12000 
kg. In view of the unreproducible character of the results it did 
not seem worth while to repeat the effort to obtain a complete set of 
readings. As with the other sample of Acheson graphite, the effect 
of pressure is to increase the resistance, but the change was much less 
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.■and there were numerous fairly large pores. (There were visible pores 
in the first sample also). It need not be anticipated that the pores 
^cause any error in the pressure coefficient, for the transmitting liquid ‘ 
freely penetrates the pores and transmits pressure uniformly to all 
parts; there is never any permanent change of dimensions after 
an application of pressure. The second sample was of approximately 
the same dimensions and was treated in the same way as the first. 
Two sets of readings were made with this second sample, at 0° and 95°. 
The pressure coefficient is negative in sign, as it was for the first 
.•sample, but the numerical values are somewhat different. At 0° 
the resistance decreases by 10.1% under 12000 kg., and at 95° by 
15.3%. The change is not linear with pressure, but the coefficient 
becomes larger at the higher pressures, which is the opposite of the 
normal beha\dor of the first sample. The temperature coefficient 
•of this sample between 0° and 95° w^as + 0.0000015, about half as 
large as that of the first sample. 

In spite of the very marked differences these two samples agree 
much more nearly in their pressure coefiPicients than they do in their 
temperature coefficients. This agrees with previous experience, that 
in general the temperature coefficient is much more susceptible to im- 
purity than the pressure coefficient. We may expect, therefore, that 
the pressure coefficient of resistance of pure silicon will be found to be 
negative, and of the order of —0.000012, pressure being expressed in 
kg/cml Compared with most metals, this coefficient is high, being 
.about the same as that of lead. 

Black Phosphorus. Runs were made on two samples of this 
substance. The first was from the same piece as that which gaA^e 
the values for the specific resistance and temperature coefficient of 
resistance already published.^® The method of formation and some 
of the other properties have also been described. During the six 
years since the previous measurements, this specimen has been kept 
in a glass bottle, closed with a cork stopper and sealed with paraffine. 
The protection from the action of the air was not perfect, however, 
because the phosphorus had become covered with a layer of moisture. 
This moisture is probably due to slow oxidation of the phosphorus 
in the air. The result of oxidation is the formation of phosphoric 
acid, which is well known to be very hygroscopic, and therefore rapidly 
absorbs moisture from the air. An attempt was made to remove the 
acid from the sample by boiling it with water for a number of hours, 
Rnd then heating in vacuum for a number of hours in addition. 

The specimen previously used was a cylinder about 0.5 inches in 
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diameter. For the resistance measurements a square prism was cut 
from the center of this about 0.2 inches on a side. The resistance 
was measured by the potentiometer method, witli the three terminal 
plug. The terminals were attached to the phosphorus by means of 
helical coils of very fine wire snapped over the prism in grooves filed 
on its surface. The distance between potential terminals was about 
1.5 cm. 

One run was made with this sample, at 0®. The points with increas- 
ing pressure ran smoothly, and on decreasing pressure the points with 
increasing pressure were repeated, except the final zero, where there 
developed a parasitic e.m.f. so large that further readings were impos- 
sible. The general character of the pressure elfect was an enormous 
decrease of resistance under pres\sure. Tlie results before the para- 
sitic e.m.f. appeared were very nearly the same as those found later 
with the second sample. The parasitic e.m.f, was ascribed to the 
imperfect removal of the idiosphoric acid, and the specimen was 
again treated for a number of hours with boiling water, but without 
success. It was evident that the acid pernu'ated th(‘ matcTial too 
deeply to be removed by surfac(^ trc'atment in this way. It was 
accordingly necessary to prcqiare a fresh specimen of pliosphorus. 

In preparing this fresh sample, advantage wa,s taken of an ol)serva- 
tion made by Dr. A. Smits in preparing the phosphorus for measure- 
ments of the vapor pressure. He found that the k(Tos(uu‘ by which 
pressure had been transmitted to th(‘ j)hosphorus during formation 
was exceedingly drfhcult to remove. A (hemical analysis by Pro- 
fessor Baxter had also shown some carbon as an im|)urity of tlie 
phosphorus; it is p()ssil)le tluit sonu' of this might also have been 
introduced by the keros(m(\ It was therefore indicated tliat the black 
phosphorus should be fornuMl if possible without contact with kero- 
sene. This was simply done by surrounding the yellow phos- 
phorus with water in tlu' lower cylinder, transmitting pressure to the 
water with kerosene as usual, but so choosing tlu^ dimensions that 
the kerosene should nev(‘r come in contact, with the phosphorus. 
This was entirely successful; the transition went essentially as b(‘fore, 
when kerosene was used. In particular, occasion was tak(‘n to again 
measure the time rate of transition, and the same results found which 
have already been published, and which make th(‘ explanation of 
the transition from yellow to black phosphorus so puzzling. That 
the phosphorus formed under water was purer than the phosphorus 
previously formed under kerosene W'as suggested by the al)sence of 
the peculiar odor, which had permeated the earlier product, cliar- 
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acteristic of kerosene which has been exposed to high temperatures 
and pressures. It would be of interest if the vapor pressure measure- 
ments of Professor Smits could be repeated on this specimen. 

The specimen so formed was dried in vacuum for a number of hours, 
at 125°, and sealed into an exhausted glass tube until ready for use. 
It was cut to the same dimensions, and mounted in the same way as 
the other specimen. Three runs were made with this, at 0°, 51°, and 
95°. In addition to the temperature seasoning incidentally done when 
it was heated in vacuum, it was given a pressure seasoning by an appli- 
cation of 12000 kg. at 0°. The runs all went smoothly; parasitic 

TABLE XVII. 

Black Phosphorus. 


Pressure 
kg/ cm2 

0° 

Resistance 

50° 

100° 

0 

1.000 

0.662 

0.421 

1000 

.796 

.521 

.323 

2000 

.643 

.406 

.250 

3000 

.492 

.313 

. 1950 

4000 

.372 

.239 

.1517 

5000 

.277 

.1816 

.1183 

6000 

.2042 

.1371 

.0910 

7000 

.1493 

.1028 

.0701 

8000 

.1079 

.0766 

.0542 

9000 

.0783 

.0572 

.0425 

10000 

.0565 

.0427 

.0337 

11000 

.0409 

.0318 

.0266 

12000 

.0297 

.0238 

.0209 


e.m.f.’s were no larger than would be expected from the high thermal 
e.m.f. of this material, the behavior was perfectly reversible with 
ascending and descending pressure, and the alteration of zero after a 
run was no larger than the irregularities of any other of the observed 
points. 

The outstanding feature of the results is the exceedingly large 
decrease of resistance brought about by pressure, much larger than for 
any other substance which I have measured. At 0° and 12000 kg. 
the resistance is only 3% of its value at atmospheric pressure. The 
ordinary method of plotting is not adapted to such a wide range 
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of relative values, and accordiufcly in siiioiitliin^ ihr tv -ult mu . 
making the interpolations and oxtrapolutions invoKed in mul.ti!.; a 
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temperatures as a function of |>n*HHur(\ 


The smoothed results are shown in Table XVI 1. whi. li : r. j vt- 
ance at 0°, 50°, and 100° at even UHM) kg. intern al ., and in 1 n-nir j I 
The use of sigmificant figures in the table should he in.-ninmed. the 
number of decimal places not being constant ibrouj,d<oiii ib.- in.!.!.- 
The accuracy of the results justifi.s only the jhue, d„.wn, 1 }„. 
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resistance itself was measured at every point with enough accuracy 
so that it would have been permissible to keep throughout the table 
a constant number of decimal places, but the pressure itself at the 
lower pressures is not known with a high enough accuracy to justify 
keeping more significant figures than shown. 

When the logarithm of resistance is plotted against pressure a 
nearly linear relation is found at all three temperatures. This means 


1 dR 

that ^ approximately constant at all pressures at constant 


temperature, where R is the instantaneous value of the resistance at 
the pressure in question. The instantaneous pressure coefficient is a 
function of temperature, however. The average value of the instan- 
taneous coefficient between 0 and 12000 kg. is — 0.000293 at 0°, 

— 0.000277 at 50°, and — 0.000250 at 100°. The deviation of the 
logarithm from exact linearity changes sign with rising temperature. 
At 0° and 50° the instantaneous coefficient becomes greater with 
increasing pressure, which is not what one might expect, whereas 
at 100° it becomes less. At the two lower temperatures the deviations 
from linearity run smoothly with the pressure, but at 100° the varia- 
tions, although much less numerically, show one or two points of 
inflection with rising pressure. At 0° the initial value of the instan- 
taneous coefficient is — 0.000200 and at 12000 kg. it has risen to 

— 0.000320; the corresponding values for 50° are — 0.000231 and 
0.000290, and for 100° - 0.000262 and - 0.000249. 

The specific resistance was also determined. At 0° this was found 
to be exactly 1.000 ohms per cm. cube. This is higher than the 
value previously published for the other specimen, which was 0.711. 
The effect of temperature on the new specimen is also greater than 
on the previous one. The values for this specimen are shown in the 
table. The resistance decreases with increasing temperature, and 
the effect is not linear, as of course it cannot be, for otherwise the 
resistance would become zero at some finite temperature. The coeffi- 
cient found for the other specimen was also negative, but smaller 
numerically and within the temperature range, the relation was linear. 
Previously the relative resistance was found to drop from 1.000 to 
0.711 between 0° and 50°, whereas here the drop is found to be from 
1.000 to 0.622 for the same temperature interval. In view of the 
greater precautions in the preparation of this sample, there can be no 
doubt but that the present values are to be preferred. 

It was considered of sufficient interest to measure the thermal 
e.m.f. of this specimen of black phosphorus. The details of the 
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method need not be described; they were siiflieiently oIatous. 
Asymmetry in the speciineii was eliminated by imikinii; two sets of 
readings with the hot and cold ends reversed. The diihTC'iic^e of 
readings in the two positions was only 3 %. The teinperatuiT' int('rva,I 
was from 0° to 21°. The effect is very large. Tlie thermal e.m.f. 
against copper in this interval was at the rate of ().()()()4I3 volts pc'r 
degree Centigrade, positive current flowing from c‘opp(‘r to phos- 
phorus at the hot junction. 

Iodine. The measurements on iodiiu' w(T(‘ part of tlu' syst.cMuatic 
attempt to measure the effect of pressure on the rt\sistane(^ of all the 
elements which could be handled with sufhcaent ease. The striking 
effects found for black phos|)horus, and the nearness of phosphorus 
and iodine in the periodic tabh^ gav<‘ rise to tlu^ hope that, a, simihir 
effect might be found with iodine. 

The measurements proved of unexp(‘cte<l diflieult.>\ b(H‘ausc‘ of 
the readiness with w^hieh iodine dissolves in most of th(‘ li<|uids by 
which pressure can be transmitted. It was found, for instanc(‘, that 
iodine dissolves in kerosene, or p(4:rol(‘mn (4h(‘r, or glye(U’in(‘. It was 
a surprise to find that the solutions are fairly good (‘ondiutors. (Con- 
siderable effort was spent in dcwising a, suitahh^ nuthod of trans- 
mitting pressure to the iodine and getting (hHlrieal (‘omuH'tions into it, 
but without much success. In the arrangenuait finally adopt ( m I, tlu^ 
iodine was melted into an opcm glass cup, provid(‘d with two j)la,tinum 
electrodes connected wnth wires s(‘al(Ml through th(‘ basc‘. Th(‘ cup 
was placed in a second larg('r cmp, a.nd tlu' wir(‘s led up b(4,we(Mi th(i 
inner and the outer cup, and hent ovvv tlu' (‘dg(‘ of th(‘ out(‘r cup. 
The upper part of the inner cup was filhHl with watxa* to a suflicicait 
depth to completely c(m‘r tlu^ iodiiux Tlu' outca* cup w^as filled with 
Nujol, which covered the iodine and watca* in tlu‘ iniuM’ cup. (oiukt- 
tions were made as usual to an insulating plug, this time one of tlm 
old single-terminal plugs. Th<^ obje(‘t of the doubU^ arra-ugcaiumt of 
cups was to keep the iodine from (tontaett with tlu^ oil, a,nd to keep the 
water from contact with the insulating plug and a.ny part of thc^ k'ads, 
which would otherwise liave been short (‘ircuitt‘(l. Tlu^ arrangenu^nt 
was not satisfactory, for the glass (trackcal around tlu^ i)latinum h'ads 
under pressure, allowing a slight amount of iodine to go into solution 
in the oil, and furthermore, becausci of uneciual compressibility of the 
glass and iodine, some water crept betw(‘en the* surfaca^ of tlie glass 
and the iodine, thus making a short circuit possibles The iodine 
further dissolved to some extent in the watcu* under i)ressur(‘, and 
from the water it again diffused into the surrounding oil, so that there 
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was a second possibility of short circuit. The initial resistance of the 
arrangement was of the order of one megohm. Pressure was not 
pushed higher than 8000 kg., in order not to freeze the water. At this 
pressure the resistance had dropped to 35000 ohms. There were large 
polarization effects, and on releasing pressure the resistance did not 
recover its initial high value. 

These experiments can only justify the conclusion, therefore, that 
under high pressure iodine does not at any rate become metallic in 
its conductivity, but the specific resistance remains high. It is quite 
possible that the relative resistance may suffer large changes, but the 
probability is small that the change of relative resistance is as high 
as it is for black phosphorus. 

The iodine used for this experiment was Kahlbaum’s, previously 
dried in vacuum. The platinum electrodes were approximately 
1 cm^ each in area, and 3 mm. distance from each other. These 
dimensions, together with the value of the minimum resistance 
recorded above, allow a minimum value to be set for the specific 
resistance at 8000 kg. of about 100,000 ohms per cm. cube. The 
correct value is doubtless many fold greater. The specific resistance 
of iodine under ordinary conditions seems too much affected by 
impurities to allow of its accurate determination, and I have not been 
able to find a value anywhere recorded. 

‘‘ Chromel a.’' This is an alloy for high temperature resistance 
units essentially similar to the alloys known more familiarly under the 
name of Nichrome.’’ “Chromel A” is made by the Hoskins Co. of 
Detroit, and has the composition 80% nickel and 20% chromium. It 
was furnished by the manufacturer in the form of a wire 0.005 inches 
diameter, and was double silk covered by the New England Electrical 
Works. I wound it for these measurements into a coreless toroid of 
118 ohms resistance at 0°. It was seasoned for the measurements by 
keeping it at ISb*^ for four hours, and by a preliminary application of 
2000 kg. 

The effect of pressure is in the normal direction, that is, the resist- 
ance decreases with increasing pressure, but the effect is very small, 
smaller than any which I have previously found. The maximum dis- 
placement of the slider of the Carey Foster bridge was 4 cm., so that 
the sensitiveness of the measurements was not greater than one part 
in 400. Within the limits of error the relation between pressure and 
resistance is linear to a maximum pressure of 12000 kg. At 0° the 
two points at the highest pressures were irregular, probably because 
of viscosity in the transmitting medium, and at 90° there were hystere- 
sis effects amounting to 4% of the total pressure effect. 
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At 0° the pressiur .-ni.l af Un U.U.JMT, 

The temperature eoedieituP hrtwt-ru 0 an«l ua itnuoiti:;. 

“Chromel B.” This alloy is much umilar !t* rfir, »nic| A.** It 
ismadebythesaineeonecrn, aiul ha - a coinfM. ifiun of s.X ^ aiul 

15 % chromium. ,Lik(‘ i\w pn*vious material if \\a . furui Tr.l in the 
form of wire 0.005 iuch<‘s iu diaiiauer, ami wa^ r<»\fn*rl uith 

silk insulation hy tlu^ N<‘\v Hn^daml Hhauricat If wa. also 

wound into a coreless toroid of appro\imati'l> BHI olim . re dstam'e af 
0°. It was seasoiK^d for t(‘mpeniture at tiu’ .amc tino* a ^ tlic ( "hromcl 
by four hours at ld5‘\ but was in mlilition ra for pressure 

by a single application of 12(MK) kg:, at n»om !riuperaiun% am! a .singdt‘ 
application of 2000 kg, after mouitting reatl\ f«>r tlie nuai uiaanents. 

The general charaet(‘r of tlu' results is tlje ame a . for " < hromed A." 
The coeHicient is not <{uitt‘ so small, ami the n* adf * uere eonsiderablv 
more regular. This was in part due the ehoiee of a less \ iseotrs 
transmitting medium. Tlu* redatiou luuween pressure uml resistunee 
is linear within the limits of (‘rror. d\vo series «»[ luea airetnents were 


made, at 0° and 05^\ to a iua\iuunu pressure of l.g. At if ' tlie 

maximum departure of any single naiding from tlie linear relation was 
1.5% of the maximum (dlVet, and at 05 it ua ^ h!d f»\<*e|it for tfie 
zero, which showed a dis|)lae(‘m<‘nt of 5.5^ ; . 

At 0° the average prt'ssurt* eotdiiidimt wa » t) ti, !aS, am! at t»5 ’ 
— O.OelOO. The averag<‘ t<'mperuture <*iHd!i<denf of resistattee at 
atmospheric pressure^ IxdwfHm 0'‘ and 05 ' was 0.tHWILM 2. 

Chromkl ( . I ids alloy is also inttaided tor high resistanca*' 
heating units. It is made also hy the Hoskins i o,. Init unlike C 'hroinel 
A and B contains soirn^ iron in addition to niekri and elirofiduin. The 
exact composition is F(‘ 25^;;, N1 ; . and i ‘r t V , . OTe wire was 
O.OOo inches in diaiuettT, douhle .silk eoxereil, ami wound info a (’ore** 
less toroid ol such diuu'iision.s as to have at d a resi Uiinee of ITS ohms. 
It wxis seasoned hy one pndimtimry appHeation of I'JtHHf kgr.. and after 
eonneeting to the jiressun* apparatus hy three applieation. of idMMI kg. 
Measurements wcit mad<‘ on the < are\ FoUm* hritlge. a . tt .ual with 
materials of high n'sistanei*. 


Three runs were made, at (F, 52.21 . and tFi.ss . d'he \iiriation 
ef resistance is not throughout linear with piw, ure mul fempernf ure, 
ut Slows (kpartines in ahnoriiiul directions The deparfure* from 
linearity do not run uniformly, so that it wa^ not |,o. dhh* fnan the 
three senes of reading to eoustrnel a tahie of re i .faure wlticdi eould 
e used by nitxTpolation to obtain the n* dNtam'e to tht* limit of ae<*u- 
racy at any tempcTutun* and piv..ure wiitdn the range, did. idlov 
would merit further study for its own sake, huf an elahorate investh 
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gation did not fall within the present program, and the results are 
given as found. 

At 0° the relation between pressure and resistance is linear within 
the limits of error. The maximum departure of any point from the 
linear relation was 0.3% of the total pressure effect, and the departures 
from linearity were distrilnited at random. The average pressure 
coefficient of resistance between 0 and 12000 kg. w^as — 0.064272. 

At 52.24° the relation between pressure and resistance was again 
linear within the limits of error, l)ut there was sensil)le hysteresis. 
The maximum width of the hysteresis loop was 1 % of the total effect. 
The ascending and descending points all lay smoothly on their respec- 
tive branches of the hysteresis loop without departures of more than 
0.06% of the effect. Tlie a\'erage pressure codHeient between 0 and 
12000 kg. was 0.064194, less than the vahu^ at 0°. 

At 95.88° the relation between pressure^ and resistance was sensibly 
not linear, but could be represented within tlu^ limits of error by a. 
second degree curve. The maximum (U^partmx^ of any observed point 
from the second degree curve was 0.35% of the maximum effect. The 
departure from linearity is in the abnormal direction, that is, the 
average coefficient between 0 and 6000 is less numerically than the 
average coefficient between 0 and 12000 kg. The avtTage coefficient 
0 .to 12000 was — 0.0(54488, and that Ixdwecm 0 and 6000 was 
— 0.0(54372. It is to l)e noticed that somewdierc^ between 0° and 100° 
the pressure coefficient of resistance lias passed through a minimum. 

The temperature coefficient of resistance at atmospheric pressure is 
normal in being positive, but the direction of curvature is almormal. 
The average coefficient between 0° and 52° is 0.00 107(), and between 
0° and 96° 0.001030. 

Comet” Alloy. This is an alloy of the following composition: 


Cr 

i- 7 r.% 

Ni 


C 

.2()-.2r)% 

Si 

.20-.2r)% 

Mn 

L8-2.()% 

P and S 

very low 

Fe 

lialance 


It is made by the Electrical Alloy Co. and was furnished by them in 
the form of wire 0.005 inches in diameter, and doubly covered with 
silk insulation. It was wound for the measurements into a coreless 
toroid of 283 ohms resistance at 0°. Readings were made on the 
Carey Foster bridge in the usual way at 0°, 51.22°, and 95.32°. 



KU’.CTHH AI. I I M'l l: I'iM '.I 

The\virowassi'iis(.u<-(l l‘\ a pivliiuiiiar.'. .ti.pia .>n. a, . : < <■•' - 

room temperat,inv,an.lanrrniarri.h.; full,. ... ..1,.-.^ 

additional applications <.l I’tMHt k-. at i'...,,,, !, n,| . 

seasoning was mlciuaf is sla.vu.l.v tla la.a • ■ 

perceptibk change (.r '/..TO afi.T tl»- hr a . m i..- . oc" ■■ 

The readings slunvrd a small Imr di tiii* f h; 
the higher tenip(Taturts. At t) tla- width nt i!-. r * 

total pressure (‘fleet, at •)! th‘»S ti! f hr i llrrt, .usd ;it 

95° there was a displaetamait <»f thr /im attn ilir nm i- n 

equal to the wulth of tla‘ h>-terr .i^ hn^p \f fhr miIh? , 

there was no ptTCt'ptildt* ehangr nf /rm, 

The results W(‘r(‘ computed iti the u ua! wa , aiel ee 
Table XVI II, and Figun* 1'hi - allo^ i. mm o.d m the i - 


Will 





I-. . . -.r 

M .t -- 

Temp. 

°C. 

lU'HiHlaiu’c 

1 »M lU. if-nl 

\ t -.Hi .• 

A( tl kie \t rsMw i* i ‘ 

f. ... 

1 r . 

J . ; 

0 

1.00000 

{),{)., I'OIi on Hi 

i # p t 

i * !■ 'i* 

50 

1.04(M4 

'J:J\ 1 i‘l;e 

t , .5 i 1 


100 

1.()00(>I 

^ tut 

1 .s * 



sure coefficient of rt'sisUtnei* hec’oimm nt the hiphn frirs|«'ni» vn» 
although the r(\sist{me«* itself heeoiae-i |.trf'iifrr. Tht” l.ehu.e.t r; 
normal in that the pressma* eoiqfieteni firemm--; h'-.-. tie- 
pressures at constant ((Uiqaa-nture. TUv relatiMU hfiwnn p?.- ■•.■lirr- 
and resistance l)(‘eonK*s more nearly liiiear at the hi^dn-r !riii|u-t 
which would be unusual for a pttre im’ial. 

^‘Thkrlo.” Tliis is an nlh»y nnieh like in ti'; pii.|« r hr 

made by the I)riv(‘r Harris C o. d1uM’oin|»«i'dti*»n i- i 'u h,/ ^ _ \|ij I , 
A12%. It has h(‘en uscal iti the high prcviurr w euk at tlit- I ir^.plr, ■ ;di 
Laboratory as a suhstitut(‘ f(»r iimngitnin in !ugh pir :oti,r ■: 

The sample on which I made meieuirentern-a wn.: mr'h-’ ■. n-i 

diameter, double silk eovenal, and uotind iiiiu a eMti-h-.-. f*e,.ud .,f 
resistance at ON )f 127 ohms. 'Thir-.. was %vr% iirurl% fii»- trsJiUu-r i.i 
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tlic nianganiti prtNssurt' so that a. very aceurate comparison of 

the pressuri' c*oi‘iHeieuts of man^-aniii and ’’rherlo could he made by 
plotting on a. large st‘al(' the dilVtTtaict' of the rt'adings with the two 
alloys. Tlu^ TIktIo was s(‘asont‘d by t>n(‘ application of 120(10 kg. at 
room temp(‘ra(ur(‘, and aftta* sohltTing to th(‘ insulating plug, by four 
additional a])pli(‘ations of 2000 kg. 

Three runs W(T(‘ ma<h\ at O'^, ol .Oo®, and 9d.S0“. The variations 
with tem])erature wta’t^ so slight, that th(‘ naulings could be reduced to 
regular ttanpcTaliire inttawals by an intta-polation or (extrapolation so 
short that tlua’e was no possiiulity of (‘rror. Tlue r(‘sistance of this 
sample of TIutIo did not vary (piite liiuairly with prc'ssure, that is, 




Cornet 

FicmiiE 12. R(‘sulis for th(^ nuaisunal r(‘sislan(*e of (^)inet alloy. The 
deviations from lincuirity are given as fractions of tlici r(‘sis(anc(‘ at 0 kg. and 
0°C. The pre-ssure cottradent is tlu^ a.v(‘ra.g(^ coeflicicail, l)(t w(‘(‘n 0 and 12000 kg. 


it did not vary linearly with the manganin. (The' mauganin was 
originally calibrated against an absolute gauge and found linear within 
0.1%). The deviations from linearity of tlu' TIktIo ar(‘ greatest at 
the lower pressures and are not symmetricud. 

At 0*^ the maximum departure of any singh‘ o!)s(‘r\'e(l point from a 
smooth curve was 0.09% of the total pressure eflVct, at 51° 0.14%, and 
at 95° 0.05%. 

The results have been computed in the rt'gular way, and are exhib- 
ited in Table XIX p,nd Figure 13. The metliod of representation is 
the same as that used in the preceding paper on r(\sistance under 
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TABLIO XIX. 
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Temp. 

°C. 

Resistance 

Pre.ssure: C<>elllei<‘nl, 

Alt) kg. At 1201)0 0-12(100 

Maximum 

I ><*vial ion 
rnmi 
Liti<*aril,y 

I’ressure 

tif 

Mjiximum 

I )es i:i( i<m 

0 

1.00000 


+0. 05227:5 

+0.0522S:5 

.0001 12 

'1000 

50 

1.00120 

2:cs(; 

215 IS 

2:5(IS 

1 12 

•1500 

100 

1.00104 


2:520 

2:52:5 

s:5 

r>ooo 




Thei: lo 

Figtob Rosulte for tho moiisurcd n'sislaiicc of 'I’liorlo nllov. 'I'lio 
deviations from linearity arc' (fiven as fractioiiH of I hi' rc'Mi.sInnce at 0 kv and 
ioohi Pressure eocfricic'ut is the avcniKi' cocllicieut lic'twc'c'ii o’aud 


pressure. It will be noticed that the averafiic' prc'ssurc' coc'flicic'nt si lows 
greater variation with tenipcraturc than doc's f hut. of nianganin, and tlu' 
variations are in fact grc'uter than the vjiriations of rc'sistank' itself. 
The resistance passes through a niaxinium in the lU'ighhorliood of 75”, 
thejnerease between 0° and 75° being 0.120%, and Ix'twec'ii 0" and 
100° 0.104%, whereas the average prc'ssure coeflieic'iit continuc's to 
increase o'ver the entire range betww'n 0° and 100°. ^'lu' instantane- 

ous coefficient at 0 kg., however, passes through a tnaxinunn between 
0° and 100°. 

“i!iil93 Aixoy.” This is an alloy containing Fe 0S%, Ni and 
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i ’r 2^ , inatlt‘ hy t!u‘ I hivvv Harris ( ‘o. for use in heating units. I was 
intt‘resttHl in tlu* pressure and tetup<u*ature eoedieients because I had 
ustni it, as tlu‘ eat)illury for eontaining lupiid lithium. The accuracy 
riH|uiri‘d in the eot'ilhataits was not high, so that measurements of the 
l)ressur(‘ <*cK‘l!iei('nt at only on<‘ temperature and of the temperature 
eot'dieit'ut h(‘tw<H‘n only two t(unperatur(\s were sudicient. 

sptH‘imen was in tlu^ form of a (*apillary 0.045 inches outside 
<liam('tc*r, and 0.032 inelu\s inside diami4.er, about 0 cm. long. The 
rt\sistane(^ was too low to la' uu'asurcal by the Carey Foster method, 
and ae<‘ordingly tlu' potimtiomeO'r was used, as with other metals of 
low n'sistanct'. Tlu' ttmiperature of tlu' pia'ssure readings was 94.2°. 
At tliis temperaturt' tlu' rt'sistaiu'e d('(‘r('as(\s with increasing pressure, 
tile relation is linear within the limits of error, and the average coeffi- 
cient Ix'tween 0 and 12000 kg. is — 0.0r,1790. E.Kcept for a single bad 
point, the. maximum departure of any reading from the linear relation 
was 0.7% of the total elTect, and the arithmetic mean of all the depar- 
tures was 0.25%. 

The average temperature coedieieut of resistance at atmospheric 
pressure between 0° and 94® was 0.000084. 


GBNEIiAL SuKVEY OF IIeSULTS. 

We have in the first place to inquire whether these new results for 
elements somewhat unusual in their properties are the same in char- 
acter as those previously obtained for the more common elements. 
In discussing the new data it will be convenient to discuss separately 
metals in the solid and liquid state, and also metals with positive or 
negative pressure coefficients of resistance. The previous results were 
almost entirely for solid metals; measurements for only one liquid 
metal, mercury, had been made at that time. Furthermore, the 
pressure coefficient of all solids, except bismuth and antimony, was 
negative. In the following a solid or liquid is called normal if its 
pressure coefficient of resistance is negative. The alloys will require 
separate discussion. 

Normal Solids. The normal solids embraced in the present series 
of measurements are Na, K, Mg, Hg, Ga, Ti, Zr, As, W, La, Nd, Si, 
and black phosphorus. The special interest of these measurements 
attaches to those substances with large coefficients. Many of the 
above list do not belong in this category, and may be dismissed with a 
few words. 
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Mg and W were measured in the previous paper. Except for the 
improvement in the numerical values afforded by the new measure- 
ments, these substances require no further discussion. It is to be 
noticed that the revised values of the pressure coefficient are in such 
a direction as to make the pressure coefficients of atomic amplitude 
and resistance even more divergent than was found previously.^ 

La and Nd are the first metals of the rare earth group whose pres- 
sure coefficients of resistance have been measured. The coefficients 
of both these substances are not distinguished in any particular way 
over those of the elements of the previous paper, and do not require 
further discussion. 

Ti and Zr also belong to a class of elements not previously measured. 
There was considerable impurity in these materials, and the results 
have no considerable accuracy. The results are chiefly remarkable 
for the smallness of the coefficients, which are smaller than for any 
other pure substances measured. It is even possible that Ti belongs 
to the abnormal metals, and that its resistance increases with increas- 
ing pressure, but the experimental accuracy was not high enough to 
allow this to be stated with certainty. 

Arsenic is a substance which might be expected to show abnormal 
results because of its position in the periodic table, but it is actually 
found to be quite normal both in regard to the sign of the coefficient 
and its magnitude. 

Gallium is another substance for which abnormal results were 
expected because of its anomalous property of expanding on freezing. 
The coefficient is however, normal in sign and magnitude. The accu- 
racy of the measurements was not great enough to give the variation 
of the pressure or temperature coefficients over the range open to 
measurement. 

Solid mercury has been here measured for the first time over a 
restricted range. It is quite normal with regard to sign and size of 
the coefficient. 

Silicon and phosphorus are non-metallic in character, and will be 
discussed later. This leaves of the above list of normal metals only 
the alkali metals sodium and potassium as needing special comment 
because of the magnitude of their coefficients. Of the metals previ- 
ously studied lead was found to have the greatest coefficient, the resist- 
ance under 12000 kg. being 14% less than under atmospheric pressure. 
Contrasted with this is a decrease of over 40% in the resistance of 
sodium and over 70% in that of potassium under a pressure of 12000 
kg. The question is whether substances with such high coefficients 
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show any change in the usual types of behavior formerly found. 
The principle facts found Ixdore for normal metals were: (1) The 
pressure cocilichmt is little^ aifected by temperature, (2) The tempera- 
ture coefIi(‘i(mt is littl(‘ ahVeted by pressure within the range, and (3) 
the instantaneous pressure^ ccxdlicient decreases with increasing pres- 
sure (tlie maximum cduinge in the instantan(X'>us coefficient was that 
of lead which changed about 30% under 12000 kg.). 

Sodium and potassium show no such constancy of behavior, as 
might be expected from the high values of their compressibilities and 
pressure coefficients of resistance. Tims for sodium the values of 


the instantarunus pressure coefficients 


1 fdu: 


w \d]) 


at O'" at 0, 6000, 


and 12000 kg. respectively are — O.OffiOih 0.0.1435, and O.O426S, a total 
decrease by a factor of 2.49. At 80° tlie corresponding coefficients 
are “-0.0478(), 0.044()(), and 0.0 4307, a total decrease by a factor 
of 2.50. This is a little larger than the factor of decrease at 0°, which 
is what one would expect. A comparison of corresponding pressure 
coefficients at 0° and 80° shows the pressure coefficient of sodium is 
by no means indc^pendent of temperature, but the change in the 
pressure coefficient with temperature is less than the change in resist- 
ance itself. The mean temperature coefficient of resistance may 
also be found from the table of resistance of sodium, and is 0.00475 
at 0 kg., and 0.00408 at 12000 kg. The relative change is much larger 
than that found previoaisly for any of the other metals, but still is not 
large compared with the variations of the pressure coefficient over 
the same range of pressure. 

The same sort of phenomena are seen to characterize potassium, 
although the coefficients are not known over so wide a range as are 
those of sodium. At 25° the instantaneous pressure coefficients of 
resistance at 0, 6000, and 12000 kg. respectively are O.O3I86, 0.04955, 
and O.O471, a decrease by a factor of 2.62. At 95° the pressure coeffi- 
cients at 6000 and 12000 kg. are O.O3IO24 and O.O4885, and at 165° 
the coefficient at 12000 kg. is O.O3IO27. The pressure coefficient 
therefore increases markedly with increasing temperature. The mean 
temperature coefficients between 25° and 60° at 0, 6000, and 12000 kg. 
respectively are 0.00454, 0.00341, and 0.00184. The decrease is 
relatively much larger than for sodium, and is nearly as large as the 
relative decrease in the pressure coefficient over the same range. 

The alkali metals sodium and potassium differ, therefore, in the 
following particulars from the metals previously measured. The 
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instantaneous pressure coefficient increases with rising temperature 
and decreases with rising pressure hy amounts which, for the range 
of this work, may amount to a factor between 2 and 3. The ’tem- 
perature coefficient of resistance decreases witli increasing pressure 
by very perceptible amounts, and decreases mucli more for potassium 
than sodium. 

The decrease in temperature coodficient at the higher pressures 
is especially significant. One might perhaps expect that at higher 
pressures the metal would be compressed into an apjiroach toward its 
behavior at Abs under atmospheric pressure, since the \’'olume 
may be reduced by pressure to less than its value at 0° Abs. Now as 
the absolute zero is approached at atmospheric pressure the tempera- 
ture coefficient of resistance becomes much greater than the reciprocal 
of the absolute temperature; this is the exact opposite of the behavior 
found above at high pressures, the temperature coefficient bc^coming 
less. The effect of increasing pressure is seen to be merely that of 
making the part played l)y temperature of less and less relatiA'c import- 
ance, which is after all not unnatural from a certain point of view. 
In the absence of specific information to tlu^ contrary it is natural to 
connect the unusual behavior of sodium and potassium with tlie large 
change of volume, and to expect that other metals will show the same 
sort of behavior under correspondingly increased pressures. 

The non-metals Si and P would not be expected to agree in behavior 
with the metals, but it is interesting, nevertheless, to summarize their 
behavior. The magnitude of the mean coefficient of Si is about the 
same as that of lead. The coefiicient may increase very largely with 
increasing temperature, however, and also may apparently increase 
with increasing pressure. This is ciuite contrary to expectations, 
and would seem to indicate an approach to some sort of instability 
at high pressures; perhaps as the atoms are pushed more closely 
together there is an approach to metallic conductivity. The varia- 
tions of the temperature coefficient of silicon are also abnormal. 
Initially the coefficient is normal in sign, but small numerically; as 
pressure is increased it reverses in sign. This reversal in sign of the 
temperature coefficient, unlike the behavior of the pressure coefficient, 
does not indicate an approach to metallic conductivity. Too great 
weight should not be attached to these results, because the silicon was 
impure. However, it is evident that there are some interesting possi- 
bilities here, and the measurements should be repeated when it is 
possible to obtain purer material. 

Black phosphorus is remarkable for the great magnitude of the 
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coeflieieiit, the n^sistanee decTeasin^ to only ',¥^0 of its initial value 
under 12(1(1(10 kg. In spit(‘ of this ahnonnally large elTeet, the relative 
variation \vitli pressure of tlu^ pr(\ssnre (‘oelheient is inueli less than 
that of sodium or potassium. Tlu^ (igiir<‘s have already been given. 
‘There is a re\'ersal of hc^havior with rising txanperature. At 0° and 
50° the instant atu'ous prc'ssure e(Hdrieient inereas(‘s with rising pres- 
sure, which is not what \vc woidd expe(*t, but at 100° the coefficient 
falls with rising i)ressure. The t(‘mp(‘ratur(' (‘ 0 (‘ili(‘ient of black phos- 
phorus is abnormal in sign, Ixung negative. The coelllcient decreases 
numerically with rising pr(‘ssurt\ a,t first slowly, but more and more 
rapidly. From the tabh‘ of r(‘sista,ne(' it may be found that the mean 
temperatun^ coeilicient b(‘tw(vn 0° and 100° a,r(^ — 0.00579, 554, and 
299 at 0, OOOO, and 12000 kg. resp(‘(*t.iv(‘ly. 4110 readings at the 
higher pressures are not so a(‘curate as tlu^ others, so that possibly 
the rate of fall of the co(4Iiei(mt at high ]>r(‘ssur(\s may be too rapid. 

j;ibn()r}nal .w/5/,s*. Pix'viou.sly tlu'n^ were nu'asurcaiu'nts on only 
two abnormal solids, bismuth and antimony. Tlu^ results for anti- 
mony were not suillei(‘ntly ae(‘urate to show tlu‘ variation of pressure 
coeilicient with pressur<‘,. but ex(*ept for this tlu‘ two metals agreed 
in that the pressure coc'llieicmt incr(^as(\s with incri'asing pressure and 
falls with increasing t(‘m])erature, and the tc'inixa'ature coefficient 
falls with increasing ])r(‘ssur(‘. 

The instantaneous pressure coefficient of lithium increases with 
rising pressure, liaving the following value's at 0, (UKK), and 12000 kg. 
respectively; O.OdiS, 0.0i,74, and O.OrJOO. The accuracy of the 
measurements was not sufficient to establish \'a,riations of pressure 
coefficient with teinptu’ature, or of temperature coefficient with pres- 
sure within the range. So far as tlu' rc'sults a, re' c'e'rtain, however, 
the l)elun’ie)r of li is like that of Bi anel Sb. 

For calcium tlu' folle)wing values may be' fe)unel fre)m tlu' table of 
resistance. The instantanee)us pressure cex'ffie'ients at 0° have at 0, 
6000; and 12(}00 kg. the rc'spective value's O.O.ilOb, 0 . 04121 , anel ().()4ld5. 
The corresponding values at 100° aiv ().()r,92, 0.0.il07, and 0.04119. 
The pressure coefficient therc'fore incre'ases with inert'asing ])ressure, 
and decreases with rising tempc'rature. The' a\'C'rage' temperature 
coefficients of resistance between 0° and 25° are 0.00299, 0.()()291, and 
0.00281 at 0, 6000, and 12000 kg. respectivc'ly, thus de'creasing with 
rising pressure. Within the limits of error the temperature coefficients 
between 75° and 100° are the same as betw^een 0° and 25°. It would be 
normal for the temperature coefficients to decTease wdth rising tem- 
perature. In all particulars of comparison, therefore, Ca is like Bi 
and Sb. 
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The pressure coefficient of strontium is abnormal. At 0° the in- 
stantaneous coefficient varies onl.\^ little with increasing pressure, but 
what change there is is a decrease, which is abnormal. The range 
of values is from 0.04503 to 0.04492. At 50° the pressure coefficient 
at first increases with rising pressure, which is w'hat we have come to 
regard as normal for this type of substances, but between 2000 and 
3000 kg. passes through a flat maximum, and from there on decreases. 
The range is from 0.044()9 to O.O445I. At 100° the behavior is like 
that at 50° except that the maximum with pressure is \'ery much more 
pronounced, and the maximum occurs at 7000 kg. At 100° the initial 
value of the instantaneous coefficient is 0.04351, the maximum at 7000 
is O.O4452, and at 12000 kg. it has dropped to 0.04432. There is, 
however, nothing abnormal in the tem])erature coc^flicicmt. The 
average temperature coefficients betwiHMi 0° and 100° ari^ 0.00383, 
0.00311, and 0.00275 at 0, 0000, a.nd 12000 kg. resi)ectively. In 
respect therefore to the variation of pressure^ {‘0(ffiieient with tempera- 
ture and temperature coefficiimt with pressure strontium is like the 
other metals with positive coefHciimt, but tlu^ variation of prc'ssure 
coefficient with pressure is like that of tlu^ others ovct only a, pa,rt of 
the range. It is to be rimiarked that tlu^ absolute valium of th(‘ pres- 
sure coefficient of strontium is much higher than that of any other 
metal. 

Summarizing, the behav'ior of tlu^ five abnormal nu'tals, with the 
exception of the pressure variation of the i)ressure coellichmt of stron- 
tium, is alike in that the instantaiK'ous })r(\ssur(‘ (‘ot^fficient increas(\s 
with rising pressure and decreases with rising temperature, and the 
temperature coefficient falls with rising j)r(‘ssure. 

Carbon, in the form of graplnt(‘, is tlu^ only otlua- element at })res(mt 
known with a posithx^ pressur(‘ coeffiemmt of resistances Since it is 
not metallic, comparisons are unprofitabh‘. Furthermore^ it was 
not possible to obtain results that w<‘re num(‘rically reproducible. 
It may be worth numtioning, howenau’, tluit graphite^ is like' the metals 
above in that the pre'ssure (*e)e'flie*ie‘nt de'ea-e'ase's with increasitig tem- 
perature, but that it is elilferemt in tliat the' pre\ssure' (‘oe^flielemt is very 
much less at tlie liigher pri'ssure's. 

Normal Liquids. Tlie e)nly li((uid me'tal previously me'asnre'el was 
mercury. It was founel for it that the' instmitane‘e)us ])re'ssure ce)effi- 
cient decreases with rising prc'ssure^ anel incre'ascvs with rising tevinpeTa- 
ture, and that the tempe'rature (‘oeffiea'ent de'e're'ase^s with rising 
pressure anel rising tempe'rature. The be'ha.\ie)r is in all respects 
that which appeals to us as normal. It is wortli while to give the 
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value- t'l.i' litiui.l luiTcury, siniv tlie raiijje of the previous 
tiu a luviiieiii . ha- tiuw heeii ennsi.leraltly estetided. Tlie results 
are hiivv u in 'rahle \X. 
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The ineiusureuu‘iits on luiuid sediuni did not (‘ovim* ho wide a range 
as those on liciuid inereury, but within th<‘ range' tlu\v show the name 
charac'teristicH. At 2(K)® tlu' inHtantatu'ouH pre'ssure' eoeilieients at 
0, (]()()(), and 12(KK) kg, respeetivedy are' 0.04922, 0.04594, and 0.04396, 
'The relative dc'crease wdth rising pr(\ssur(‘ is (‘onsid('ral)l\' greater than 
is the ease with niercury, atnl furtlu'rniorc', the (‘oc'dieient itself is 
considerably greater. The iru'an t(nnp('rature (ax'flieient between ISO*^ 
^and 200'' is 0.00325 at 0 kg., and 0.00244 at 12000 kg. This decrease 
h relatively not so large as that of UKTcniry, although the coefficient 
itself is larger. 

Potassium was liquid over a still smalk'r range tlian sodium, so that 
it is not possible to give as complete results. The instantaneous 
prmure coefficient decreases with rising pressure', the values at 165' 
being 0.000168 and 0.000136 at 0 and (3000 kg. respectively. Th< 
average temperature coefficient between 135" and Kif)" increase! 
from 0.00322 at 0 kg.^ to 0.00463 at 5000 kg., which is the reverse o 
the behavior of liquid sodium and mercury. The variation witl 
temperature of the pressure coefficient is also abnormal. The initia 
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pressure coeiScient of the liquid at 62.5° is 0.0a2(), and at 1()5° this 
has dropped to O.Osl^. 

Liquid gallium shows a rather large decrease of the instaiitaueoiis 
pressure coefficient with rising pressure. At the ^'alues of the 
coefficient at 0, 6000, and 12000 kg. respectively are O.OdilO, O.Or.Odo, 
and O.O 549 O. At 100° the corresponding \^ahi<\s a, re 6:il, 511, and 101. 
The effect of temperature on the pressure (‘oeilicient is therefore 
relatively slight; at the lower pressures the coedicieut dcaa-eases with 
rising temperature, and at the higher ])ressures it de(‘reas(\s. The 
'mean temperature coefficient of resistance hetween 50° and 100° 
changes relatively little, being 0.000815, S20, and SOS at 0, 6000, and 
12000 kg. respectively. ( Ampared with sodium and potassium tlu‘ 
changes of all the eoeflicumts of gallium ar(^ rt‘lati\'(dy small. It is 
to be remarked also that the pn^ssure eo(‘ffiei(ait of gallium is of tlu‘ 
same order of magnitude as that of many solid nudals; W(‘ ha,\'e (‘onu‘ 
to expect relatively slight variations of tlu‘ (‘oeffi(‘i(‘uts of those sub- 
stances with small co('fficients. 

Liquid bismuth was nu‘a.sured o\'(t only |)art of its n'gion of sOibility, 
so that again complete r(\sults aw not at hand. At 275° i,h(‘ instan- 
taneous pressure coefficient drops from O.O.iLid at 0 kg. to O.O.dM at 
6000 kg., and at 240° the coctrumnt is ().0d)2 at 0000 kg., and O.OoSO 
at 12000. The temperatim^ co(‘ffici(nt of iv^sistanet'; at 275° drojjs 
from 0.00047 at 0 kg. to 0.000155 a,t 0000 kg. Li({uid bismuth is 
therefore entirely normal in all iwsfxnts, that is, a faJling pr(‘ssur(‘ 
coefficient with rising pressure and falling UanpcTutun^, and a falling 
temperature coefficient with rising pressun^. This (‘ompl(t.(‘ normal- 
ity is in spite of the fact that solid bismuth is abnormal in having a 
positive pressure coefficient. The pr(^suini)tion is theiafforc^ V(Ty 
strong that the al)normality of th(‘ solid is mahily du(‘ to the crystal- 
line structure. It is known of courses that bismutli crystallizes in th(‘ 
hexagonal system which is not normal, nearly all the (4(mieuts Ixn'ng 
cubic. 

Summarizing, except for potassium, tlu^ l>ehavior of all theses rupiid 
metals is of the same type; the pr(\ssur(‘ cocdliciiuit dccreast^s with 
rising pressure and increases with rising baupta-ature, and tht‘ t<un- 
perature coefficient decreases with rising pn^ssun'. 

Abnormal Liquids. Only one abnormal li<iuid, that is, a licpiid 
with a positive pressure coefficient of n\sistanc(% is known, licpiid 
lithium. For this the relation In^tween |)r(‘ssure; and rt^sistancci was 
linear within the limits of error and the (‘.ocdliclcmt was indcqiendc'ut of 
temperature between 200° and 240°. A liiu^ar relation between 
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particular substance, which does not change greatly as pressure and 
temperature are changed along the melting cmxe. We now have the 
figures for the ratio of the resistance of solid to liquid for six metals at 
different pressures and temperatures. For lithiiiin the accuracy was 
not high enough to permit more than the statement that the ratio does 
not change greatly in a pressure range of 8000 kg. For sodium the 
ratio is 1.45 at atmospheric pressure, and has dropped to 1.86 on the 
melting curve at 12000 kg. The difference of volume between solid 
and liquid has dropped to half its initial value in the same pressure 
range, so that the ratio of resistances is evidently more constant than 
the difference of volume. For potassium the ratio of resistance of 
liquid to solid is 1.56 at 0 kg., and has dropped only to 1.55 at 9700 kg. 
Contrasted with this almost negligible change in the ratio of the 
resistances is a decrease under 9700 kg. of the difference of volume 
between solid and liquid to 0.31 of its initial value. For mercury, 
I determined the ratio of resistance of liquid to solid at the melting 
point at 0° and 7640 kg. to be 3.345. I did not make measurements 
at any other temperature but there are values by other observers. 
Onnes finds 4.22, Bouty and Cailletet 4.08, and Weber gives 
3,8 as the mean of six determinations, all for the ratio at the freezing 
point at atmospheric pressure. The error is so large that it is not 
possible to say more than that the change in the ratio along the melt- 
ing curve is not large, and is in the direction of a decrease with increas- 
ing pressure. The change is probably greater than the change in the 
difference of volume between solid and liquid, which is abnormally 
constant for mercury, there being a decrease in the difference of only 
1% over the pressure range of 7640 kg. The change in the resistance 
of the liquid over this range is, however, 19%, which is probably larger 
than the change in the ratio of the resistance of liquid to solid. 

The behavior of the two abnormal metals gallium and bismuth is 
similar. At 7000 kg. I found the ratio of the resistance of liquid to 
solid bismuth to be 0.45, and at atmospheric pressure Northrup and 
Sherwood found 0.43. The ratio is probably constant within the 
limits of error. For Gallium I found 0.58 for the ratio at atmos- 
pheric pressure, and calculated the value at 12000 kg. to be 0.61. 
This again is perhaps to be regarded as constant within the limits of 
error, but it is noteworthy that the little variation there is is in the 
same direction for both gallium and bismuth, and is toward an increase 
with rising pressure, whereas what variation there was for normal 
metals was always in the direction of a decrease with rising pressure. 

We now compare the relative magnitudes of the pressure and 
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iriit|>i‘rutur«‘ ritrilicHiifs uf solid uiul luiuid. With iTg'ard to the tem- 
lirnmirt' ru«‘l!iih*nts at atniosplua'ic prt‘ssure it has hmi^; been known 
lha! thr rutdliritiU of tht' lit|ui<l is less than that of the solid. This 
i^ \ rrifietl ftir all tlu' naials ineasunsl her(% (‘x<‘i'pt potassium. 

With n‘garti !«» the pn‘ssure (‘oihii-uait of resistance it is natural 
to t‘\pt*et that <if thi‘ licputl to bt* j^reater than that of the wsolid at the 
.same tiiuperaturta lids is true for sodium. At 120® the pressure 
eoeHieieiit of tlie licputl is alanit ^ j^reatm* than that of the solid extra- 
pthileil to tht‘ same ttuuptTatuna It is however, perhaps surprising 
tliut thi* relutivt^ changt* of tlu* pressur(‘ eoedieient of solid sodium 
brought about by an iueia^ase of pressun* of 12000 kg. is greater than 
tliat of l!u‘ li(iuid undi‘r th<‘ sanu' iner<‘as(^ of prc'ssure. The relative 
d<*en‘ast‘ of the ttinp<‘ratur<‘ eo<dliei(‘nt uud<‘r 12000 kg. is greater for 
licjuid siulium, howt‘vt‘r, than for tlu* solid. 

I'he luhuvitn* of Tupud potassium is not as we would expect. At the 
melting j>oint at atmos|>lu‘ri(‘ pn‘ssiir(‘ tlu‘ pressure eodlieient of liquid 
potassium is gnaiter than tliat of the solid. Ikaaiiise of the abnormal 
tempiTature (’otdlieit'ut of tlu^ prt'ssnn' eoelliihmt of the liquid, how- 
ever, the {‘(Hdlunent of th(‘ soli<l would b(‘(‘ome greater than that of 
the li([uid if tlu‘ solid (*oul<l 1 h^ superluaited suflieiently. The relative 
variation witli pn\ssnr(‘ of the pr('ssnr(' (‘oeflieient is greater for the 
solid than tlu* lupiid. This again is not what we might expect. The 
data for potassium do not cover a suniei(*nt range to permit a com- 
parison of the variation with pressun* of the tcunperature coefficients 
of solid and Ikpiid. 

The pressure coefficient of solid mercury has been found to be con- 
stant over the range from 7640 to 12(K)() kg. The coefficient of the 
liquid, on the other hand, decreases with rising pressure. It has 
already been mentioned as surprising that the coefficient of the solid 
is greater than that of the liquid at 6500 kg. This difference would 
become still more accentuated if the liquid could be carried in the 
metastable state into the region of stability of the solid; in this range 
its pressure coefficient would be found to vary considerably less than 
that of the solid. The measurements were not accurate enough to 
permit a comparison of the variations of the temperature coefficients 
of the solid and liquid. It is known, however, that at atmospheric 
pressure the temperature coefficient of the solid is normal, while that 
of the liquid is abnormally low even for a liquid. 

The pressure coefficient of solid gallium is of the order of 2.5 less 
than that of the liquid. The coefficient of the solid is independent 
of the pressure, whereas that of the liquid decreases markedly with 
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increasing pressure. Measurements were not made on the variation 
with pressure of the temperature coefficient of the solid. 

Comparison cannot properly be made between lic[uid and solid 
bismuth, because tlie solid is abnormal and the lic[uid is normal. It 
is interesting, howe\'er, that numerically the coefficient of tlie solid is 
greater than that of tlie liciuid. This ma\^ mean that some of the 
tendency to abnormality still persists in the licpiid, making its coeffi- 
cient lower than it would otherwise be. 

Lithium is abnormal in both liquid and solid. If the data for tlie 
solid are extrapolated from 100° to the melting temperature at 180° 
the figures given would indicate a pressure coefficient of the solid 
numerically less than that of the li([uid. The difference would be still 
further accentuated if the unknown correction for the compressibility 
of the solid is applied so as to make the cocdficicmts of both solid and 
liquid the coefficients of six^eific resistance. Altlioiigh tlie coefficient 
of the liquid is greab'r than that of the solid, its variation with pres- 
sure is much less, and in fact is opposite in sign, the coefficient of the 
liquid becoming smalkn* at higher pressures, and the coefficient of the 
solid becoming greater. The tc'inpcu'ature coefficient of lic^uid lithium 
is independent of pressure to 12000 kg., as is that of the solid also. 

Summarizing the relations between the coefficients of the liquid 
and the solid, except for the temperature coefficient of the liquid being 
less than that of the solid, there does not seem to be a tendency to 
any one type of beluudor. It is notc^worthy, however, that in many 
cases the resistance of the liquid responds more sluggishly to changes 
of pressure than does that of the solid, the coefficient of the liquid being 
actually less than that of the solid, or else the change of coefficient 
with pressure being less for the liciuid. 

Alloys. The abo\x data on alloys are entirely unsystematic and 
fragmentary, so that it is not possible to draw any conclusions as to the 
behavior of alloys in general. It is interesting to notice, however, 
that the pressure coefficient of all the alloys, with the exception of 
that of ''Comet,” is less numerically than would be computed by the 
law of mixtures from the coefficients of its components, and in the 
case of "Therlo” this tendency to a lower value may go so far as to 
reverse the sign. In making this statement I have assumed that the 
pressure coefficient of pure Chromium and Manganese is negative, 
a conclusion which has not been checked by experiment, but which 
seems very probable from the behavior of similar metals. 
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Tn 1 :< ) \< K/r u • a l Wk a h i x ( js. 

Sinc(‘ the purpose' of this pape'i* is primarily the pre'sentation of 
new (lata, I (‘aimot more' than toiuli on two inatUTs of thcwetical 
interc'st sngi^esttul l>y eonside'rations of the pnwious papers. 

It has htHii known for sohh' time' that the' teanperature eoellicient 
at eotistant vohmu' of liepiid nu'reury is iu‘ji:ati\'(' instead of positive, 
as is the eoeflieieait at constant pr(‘ssnr(‘. In my pn'vious theoretical 
papt'r I sn^^t'stt'd rt'usons for this. It is now of int(T('st to find 
whether the otlu'r Tupiid nu'tals havt' tlu' same prop(Tty. 

The (‘(uTicieait of n'sistaiUH' at constant volimu' is given l)y the 
relation 

piA 

\drA, \(h/p yd/Vr/dA 

[dp/r 

Hence in addition to the pre'ssure. and tx'mjH'rature coelHcients of 
resistance, whidi have' Ix'cn (l('t(‘rmined in tlu' presemt work, values of 
the thermal expansion and conipn'ssihility an' also nec'ded. These 
have not hec'n determim'd ('xpc'rimentally for any of the metals a1)ove, 
but in some cast's an indirect estimatt' may ht' math' with the. help of 
various data from the nu'lting curvt'. I havt' |)r('vi(>usly given an 
estimate of tlu' difi’t'rence of compressibility and tlu'rmal exj)ansion 
between solid and licpiid sodium, potassium, and hismutli.'^^ With 
these data, the temperature ('(X'dicients at constant volume may be 
computed, as is shown in Table XXL Tlu' fundanu'utal data are 


TABLE XXL 

The Temperature Coeflicitait at (kmstant Volume of Li(iiud M(^ta,ls at their 

Melting Loiiits. 


Subataiico 

} 1 

w \dp 1 T 

1 

V Xdf J p 

«' \dp/T 

1 

w Vdr //) 

1 /dwA 

10 \dr jv 

Sodium 

-o.oaHi) 

+0. 0^344 

- 0 . 0.188 

+0.00325 

4-0.(10170 

Potassium 

-0.04358 

.03340 

-O.O 3204 

0.(K)44 

4-0.0025 

Bismuth 

-0.0632 (?) 

.O 3 I 2 (?) 

-O.O 4 I 2 

0.000475 

4-0.0., 15 
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•exceedingly uncertain, because in addition to the uneertainties in the 
differences of compressibility and thernial expa.nsion between solid 
•and liquid, the compressibilities and thermal expausions of the solids 
themselves at the melting points are in (loul)t, the a,(‘tual measurements 
having been made in most easvs only at room tcuupcu-a.turcx I havi) 
had to guess what the temperature variation of tlu' (‘ompressibility 
might be. However, the imc*erta,inty (‘a,nn()t b(‘ so larg(' as to (change 
the sign of the effect for sodium ami i)ota,ssium, for which tlua-e can Ix' 
no doubt that the temperature eoellkahait a,t constant V()lunu\, as well 
as the coefficient at constant pressur(\ is posit i\'(‘. This is tlu^ revcu-se 
of the behavior of mercury. Tlu' data for bismuth are in much more 
doubt, however. Assuming tlu‘ figur(\s shown, the cotflicicmt at: 
constant volume is also positives but th(‘ unc(‘rta,inty is so gix'at: that: 
the sign might well Ix' n(‘gati\’(\ 

The coe;fficient at constant volimx‘ of li(iui<l lithium is of (‘ours(^ 
positive, since the pr(‘ssur<' co(‘(Iici(‘nt at: c*onstant Uanperat ur(‘ is 
abnormal in being positiv(x d'lx' data, art' not, at pres<'nt known for 
gallium, so that it is m)t }K)ssibl(' to mak(‘ any sort of an (‘st imat<' 
as to the proba,bI(‘ valu(‘ of i(.s co(‘(lici<nt. at. constant. volunu‘. 

The outcome of this inv(‘stigat ion, tlx‘r<‘for<\ for th<‘on!y (wo imtals 
for which the results can b(‘ sur(% is to rt‘V(n’s(' th(‘ Ixtmvior pr(‘viously 
found for li((uid nxaxairy. In this conixxtion it is to b(‘ rtanarkcal 
that the temperatun^ co(‘nici(‘nt at constant pn^ssun* of li({uid nx‘rcury 
is abnormal in being v(‘ry low, and tlx‘ coria'spomling co<tIici(‘nts of 
liquid sodium a.n(l potassium arc abnormal in being wi'v high. Itdo<‘s 
not yet appcxir, tlnaafons wlia.t tlx‘ prol)abl(* value of tlx' constant 
volume coe(Ii(‘i(‘nt would b<‘ for tlx' nx)r(‘ usual nx'tals, such as h^ad. 

The second point of tlx'ontical in((‘n‘st. brought, out in the pnw ions 
discussion was tlx* iutimaU' comxxtion betwaxm tlx‘ changivs of 
resistance and tlx‘ amplitmk' of a.(.omi(‘ vibral ion.*"'' 1 1 apix^anal that 

the relative cluinge of n‘sista.ix-<% wlx‘tlx‘r brought about by a change' 
of pressure or of tc'nqx'ratun', was apjU’oximatcl.c (‘(|ual to twice' tlx' 
relative change' of amplitude' unek'r the* same* e-hange*. The* re'latiou 
was by no means <‘xae*t, tlx're* be'ing failure's by as much as a fae'tejr ed’ 
two in SOUK' (’a.s(‘s, but em the* ave'rage* the' agre'e'me'ut was ra(lx*r gooel 
for a large numbe'r e)f nx'tals. The* e{U(‘stie)n is whe*tlx‘r tlx'se* ix'W 
elements also show' the* same' re'latiem? 

In making tlx* computatie)n tlx* follenving formula for tlx' change 
•of amplitude with pre'ssure* was use'el 
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wliere a is atomic amplitude, and specific heat at constant volume 
per unit ^'olume. It is tliereforo necessary to know the thermal 
expansion and specific heats of tlie new elements. Unfortunately 
the data are not known for a number of the metals of this work. The 
computation has been made for all those normal substances for which 
the data are available, and the results are collected in Table XXIL 


TABLE XXIL 

Comparison of the Chang(\s uiitlor Pressun^ of Ih^sistance and Amplitude of 

Atomic. Vibration. 


Sul)st.un<'e 

1 fdo\ 

» xdr 1 p 

t£ 

a \c)pJt 

1 f d»'\ 

\dp] T 

Solid Na, 12(T 

0.0a2l7 

11.1 

-l).0.j31) 

-0.0., 08 

Liquid Na, 1)8° 

.0a344 

10.0 

~ 0.0405 

-0.0, 4)1 

Solid K, 20° 

.0a248 

0.4S 

-0.0., 70 

-O.OalSO 

Liquid K, 03° 

.()a34l 

0.04 

-0.0al02 

-0.0a20 

1 

Liquid Hg, 0° 

.OalSl 

17.1 

-0. 0^2 11 

-0.(14358 

Arsenic 

.O 4 IO 

20.7 

-0.0A2 

-0.0r,33 

Magnesium 

. O^TS 

17.7 

-0.0, ,88 

-0.0r.4S 

Tungsten 

.OJOl 

27.0 

-0.0c74 

-0.0f.l43 


In this table are included the recomputed values for Mg and W. 
The best agreement is for liquid bismuth. In nearly all the other 
cases the computed value is much lower than the observed. This is 
a reversal of the behavior shown by the previous substances, for which 
in the majority of cases the computed value was too high. 

The table seems to show no essential difference between a solid 
and a liquid metal as far as the connection with amplitude goes. 

There seems to be no reason to modify the previous conclusion, 
which was that in a large way the changes of amplitude of atomic 
vibration are an exceedingly important factor in affecting changes of 
resistance. Superposed on this large effect common to all metals, 
are specific effects, such as peculiarities of atomic structure or arrange- 





ELECTKICAL RESISTANCE UNDER PRESSURE. 


153 


merit. In particular the factor of atomic arrangement is responsible 
for the difference between a solid and a liquid metal, and may be so 
important in some cases as to control the sign of the effect. 


Summary. 

In this paper results are given for the effect of pressure and tempera- 
ture on the resistance of twenty elements and several alloys. Endeavor 
was made to choose elements from unusual places in the periodic 
table, and also to investigate more fully the behavior of liquid metals. 

The resistance of the same metal in the liquid and the solid state 
has now been measured for six elements. The temperature coefficient 
of the liquid is less than that of the solid except for potassium. The 
change of resistance on melting invariably follows the direction of the 
change of volume. The ratio of resistance of liquid to solid is approxi- 
mately constant along the melting curve, although the difference of 
volume may change greatly. The pressure coefficient of the liquid is 
in some cases less than that of the solid. Liquid bismuth has a nega- 
tive pressure coefficient of resistance, and is normal, but liquid lithium 
has a positive coefficient, and is the only such liquid metal yet found. 
The new liquids do not show a negative temperature coefficient of 
resistance at contant volume, as did liquid mercury. 

The alkali metals sodium and potassium are remarkable for the 
large changes of resistance under pressure. The pressure coefficient 
decreases greatly with increasing pressure, and decreasing temperature. 
The temperature coefficient may decrease greatly with increasing 
pressure. The variations of these coefficients for the metals investi- 
gated in the previous paper were always small. 

Three more solid elements have been found with positive pressure 
coefficients of resistance; lithium, calcium, and strontium. Of these 
the pressure coefficient decreases with increasing temperature, the 
temperature coefficient decreases with increasing pressure, and, except 
for strontium, the pressure coefficient increases with increasing pres- 
sure. 

Of the non-metallic elements, black phosphorus is remarkable for 
a very large negative coefficient, the resistance under 12000 kg. drop- 
ping to only 3% of its initial value; silicon has a negative coefficient 
which becomes numerically larger with increasing pressure, and 
carbon has a negative coefficient in the amorphous state, and a posi- 
tive coefficient in the graphitic state, which decreases greatly with 
increasing pressure. 



154 


lUUDGMAN. 


The luhlitional (nideuce from these !icw materials still gives every 
reason to think that the amplitude of atomic vibration is the largest 
single factor in ck^termiuiug tlu^ ehangtss of resistance under pressure 
or temperature. 
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chemical isotopes, also appear to be identical to a very high 
cision, and recently Siegbahn and Stenstrom found no difference 
their emission spectra in what is called the L series of X-rays. 

The object of the research reported in this note has been to investigate the 
X-ray absorption spectra of chemical isotopes. In general each chemical ele- 
ment, except perhaps those of low atomic numbers, has several critical ab- 
sorption frequencies, one connected with its K series and three connected with 
its L series of X-rays. These critical absorption frequencies mark points in 
the X-ray spectrum where sharp changes in the absorption of X-rays by 
the chemical element occur. The chemical element absorbs X-rays of higher 
frequency than the critical frequency to a niuch greater extent than it does 
X-rays of lower frequency. 





In measuring the critical absorption frequencies of lead isotopes we have 
used the X-ray spectrometer described in the Physical Review for December 
1917, page 624. A calcite crystal reflected the X-rays whose wave-length is 
given by the equation 

X = 2 a sin 0 = 6.056 sin ^ X lO""^ cm. 

(where Q is the grazing angle of incidence) into an ionization chamber. The 
ionization method of detecting the reflected beam of X-rays is far superior to 
the photographic method, both because, if properly used, it requires no cor- 
rection for the penetration of the X-rays into the crystal, and also because it 
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The absorl)ing screen t>f lead was placed between the X-ray tube and the 
spectrometer. Professor Richards’ laboratory kindly furnished us with the 
specimens of leatl salts. Professor Richards has made accurate measurements 
of the atomic weights t)f lead isotopes, and the values he obtained for the two 
specimens we usetl were 207,20 for the ordinary lead and 206.08 for the radio- 
active lead. These dilTer from each other by more than 

In our ex{)eriments the X-rays came from a molybdenum target tube of 
the Coolidge type, and a constant ditTerence of [)otential amounting to about 
36, (XX) volts drove a current of 2 milliamperestthrough it. 

The curves in the figure represent the ionization currents as functions of 
the readings of one of the verniers attacheclto the crystal table. 

The three sharp drops in each curve correspond to the three critical ab- 
sorption wave-lengths belonging to the L series of X-rays of each specimen of 
lead respectively. To get the grazing angles of incidence to substitute in the 
above formula for the wave-length we measured from the centres of the drops 
to the zero, 291° 55' 40", the value of which has been corrected for eccentricity. 

The values of the wave-lengths, etc., have been collected together in the 
following table. 


ABSORBma SCRKEN 

ATOMR! WKIOIIT 

X X los CM. 

X X 10» CM. 

X X 108 CM. 

Ordinary lead 

207.20 

0.9485 

0.8128 

07.806 

Radioactive lead 

206.08 

0.9489 

0.8129 

0.7810 



t The grazing angles of incidence can be estimated to within about 30" of 
arc, which means that the wave-lengths are correct to within about 0.1%. 
Corresponding wave-lengths for the two specimens in the above table do not 
differ from each other by as much as 0.1%, and, therefore, the critical ab- 
sorption wave lengths of the isotopes of lead are identical to within the limits 
of error of the experiments. 

The magnitude of the dxaracteristic absorption can be estimated from the 
drops in the curve. These depend, of course, upon the thickness of the ab- 
sorbing layer, and its measurement is very much less accurate than that of 
the wave-length. It appears, however, that the relative change of absorption 
at the three critical wave-lengths is about the same for each isotope of lead. 



[Reprinted from the Physical Review, N.S., Vol. XXIV, No. i, July, 1919,] 


ON THE RELATION BETWEEN THE K SERIES AND THE 
L SERIES OF X-RAYS.^ 

By William Duane and Takeo Shimizu. 

Synopsis. — The object has been to measure both the emission and the absorption 
wave-lengths in the K and L-series characteristic of a chemical element (tungsten), 
using the same X-ray spectrometer throughout, to see if general relations among them 
could be found. Graphs have been drawn representing the ionization currents as 
functions of the crystal table angle. The peaks in these graphs corresponding to the 
lines Oil (strong) and a2 (medium) appear completely separated from each other, al- 
though the difference between their wave-lengths amounts to only 2.2 per cent. There 
is also faint evidence of a third (very weak) line, 0:3. 

A sharp drop in the absorption graph occurs near the y line in the K-series 
corresponding to the K-critical absorption wave-length, and three sharp drops 
(a strong, a medium and a weak one occur near the L-series, indicating three critical 
absorption wave-length in that series. The critical absorption frequencies calculated 
from these graphs are, for the K-series: p — 1.680 X lo^®; and for the L-series, 

PI = .2438 X iQi® (strong), P2 = .2773 X lo^® (medium), P3 = .2917 X lo^® (weak). 

The frequencies calculated from the peaks representing the emission lines are 
vai = 1.437 X 10^2 (strong), Pa.^ = 1.405 X iQi® (medium) Po.^ = 1.39 X lo^® (?) 
(weak). The precision of measurement is such that the probable error amounts to 
less than 1/5 per cent. 

It appears from these data that to within i/s per cent, v — vi — Pai (strong), 
y — P2 — Pa2 (medium) and p — pz — Pas (weak); in other words each K a emission 
line frequency equals the difference between the K critical absorption frequency and 
one of the L critical absor ption frequencies to within the limits of experimental error. 

If this law, that an emission frequency equals the difference between two critical absorp- 
tion frequencies applies to all emission lines we must assume critical absorption 
frequencies in the M series, etc. Two critical absorption frequencies lying between 
p = 4 X 10^^ and p =5 X 10^^ taken together with those mentioned above will 
explain the presence of the line in the K-series and six of the emission lines in the 
L series, etc. 

I. In the analysis of X-rays about sixteen lines have been found to 
belong to the characteristic spectrum of each chemical element. Usually, 
although illogically, these have been divided into two series, the K series 
and the L series. The K series contains at least four lines, known as the 
au /3 and 7 lines, of which the 7 line has the highest frequency. These 
four lines belong together in the sense that none of them can be produced 
by itself. As we increase the voltage V applied to the X-ray tube none 
of these lines appear in the spectrum until the voltage V reaches the 
value given by the quantuiti equation 

Ve = hv, 


(I) 
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The authors have undertaken the research reported in this paper for 
the purpose of measuring both the absorption and the emission fre- 
quencies with the same apparatus, to see if a more general relation 
between the frequencies can be found. 

We have used the X-ray spectrometer previously described, ^ with a 
calcite crystal, the formula for the wave-length X being 

X = 2a sin 0 = 6.056 X sin ^ X I0“^ cm. 

where d is the grazing angle of incidence. The X-rays passed through 
two narrow slits in thick lead blocks before striking the crystal thus 
obviating a large correction for the absorption of the X-rays in the calcite, 
as previously explained (Z. c.). The X-ray tubes were of the Coolidge 
type, one of them having a tungsten and the other a molybdenum target.- 
The currents passing through these came from a high tension transformer 
with a system of condensers and kenotrons attached to it for producing 
approximately a constant difference of potential. 

The curves in Fig. i represent the K lines of tungsten in both the 
.first and second order spectra. The constant difference of potential 
applied to the tube amounted to about 100,000 volts in this experiment. 
The a lines were measured on both sides of the zero line of the spec- 
trometer thus obviating a direct determination of the zero point. A 
correction of about 45" of arc must be subtracted from the double 
grazing angle on account of the excen tricity of the spectrometer scale. 

There appears to be a somewhat better definition of the lines on the 
right hand side of the zero line than on the left. Doubtless this is due 
to a slight lack of uniformity in the crystal structure. 

The two a lines on the right hand side appear to be completely .sepa- 
rated from each other, even in the first order spectrum. This gives an 
idea of the precision with which the wave-lengths can be estimated, the 
difference between the two a wave-lengths being about 2.2 per cent. 
The position of each peak can be estimated to within 10" of arc. Since 
the double grazing angles are about 4°, this means that the error of meas- 
urement is less than i part in 1,000, unless the same error is made on 
both sides of the zero line. 

The peaks corresponding to a2 are somewhat unsymmetrical, the slopes 
on the long wave-length sides being slightly more extended than on the 
short wave-length sides. This lack of symmetry suggests the presence 
of an additional line az (?) close to and on the long wave-length side of a2. 
Its wave-length should be about .214 X cm. To the left of the 

1 Phys. Rev., December, 1917, p. 624. 

2 Dr. W. D. Coolidge kindly sent us these tubes. 





of tungsten outside of the X-ray tube, and the reason why the absorp- 
drop appears in the curve is that we placed the X-ray tube in sue 
position that the rays passing through the spectrometer slits came f: 
the target in a direction almost parallel to its surface. Under tl 
conditions, since some of the rays are produced slightly below the sur 
of the target, part of them is absorbed by the surface layers of the ta 
and by any irregularities there may be on the surface. 

We have also measured the critical absorption wave-length in th 
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series using an X-ray tube with a molybdenum target, and placing a 
layer of sodium tungstate between the tube and the spectrometer as an 
absorbing screen. In this way we obtained the following values for the 
wave-length: X = .1786 X cm. in the first order spectrum, and 
X = .1784 X 10”® cm. in the second order spectrum. 

The critical absorption wave-lengths in the L-series of tungsten were 
measured as follows: 



The curve in Fig. 2 represents the current in the spectrometer’s 
ionization chamber as a function of the readings of one of the verniers 
attached to the crystal table in an experiment in which the X-rays 
came from a molybdenum target and passed through a thin layer of 
sodium tungstate before reaching the spectrometer slits. The three 
breaks in the curve correspond to the three critical absorption wave- 
lengths of tungsten that lie in the neighborhood of its L series of emission 
lines. 
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of the zero line. The value of the zero point given in the figure contain 
the correction for eccentricity. 

The amount of X-ray energy that passes through the glass walls c 
the X-ray tube in the region corresponding to these long waves is quit 
small, and we, therefore, had to widen the si)ectrometer slits somewhat i 
order to measure the ionization currents. As a consecpience the angula 
breadth of the drops in the curve have increased to four or five times th 
breadth of the drop in the K series curves. This has not increased th 
percentage error of the measurements, however, for the grazing angles c 
incidence in the L series are five to seven times as large as those in th 
K series. 

In this experiment th.e constant difference of potential between th 
electrodes of the X-ray tube amounted to about 24,000 volts. 

The following table contains the freciiiencies of vibration calculate 
from the critical alxsorption wave-lengths in the K and the L series c 
tungsten, and also from the wave-lengths of the a and emission line 
of its K scries. 

Critical Absorption Freqtic 7 icics. 


K Series 

1st order spectrum p = i.6<S() X 10’’' 
1st order spectrum v = 1.679 X 
2d order spectrum v = 1.681 X 
; Average v == 1.680 X 


Series 

Pi — .2438 X 1 0^'* strong, 

P2 = —773 X to'*’ medium, 
Pii = .2917 X lo^’^weak. 


Emissi n Frequencies. 

1 iS-line a:-lines 

P^ = 1.628 X 10^^ Pa^ == 1.437 X I0^‘^ strong. 

p^^ = 1.405 X medium. 

^aa = 1-39 X 10^® (?) weak. 

In searching for a general relation between the emission freqiiencie 
and . the critical absorption frequencies the idea immediately present 
itself that an emission frequency may be the difference between tw 
absorption frequencies. The fact that the L scries contains three criticc 
absorption frequencies, (a strong, a medium and a weak one), and tha 
there are at least two a emission lines (a strong and a medium one), an 
possibly a third weak one, lends weight to the idea. From the frequencie 
contained in the above table we have 
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V - vi = 1.436 X 10^9 (strong), v,, = 1.437 X (strong), 

V — V2 = I 4 C >3 X 10^^ (medium), = 1405 X 10^^ (medium), 

V — vz ~ 1.388 X 10^^ (weak). = 1-39 X 10^® (?) (weak). 

It appears from this data, that as a matter of fact each a line freqtiency 
equals the difference between the K critical absorption frequency and one 
of the L critical absorption frequencies to within the limits of experimental 
error. 

If this law applies to all emission lines we must assume the existence of 
one and perhaps more critical absorption wave-lengths lying between 
X = 6 X io~^ cm. and X''= 7.5 X I0“^ cm. (the M series) in order to 
explain the presence of the i 34 ine in the K series. Two critical absorption 
wave-lengths lying in this M region taken together with the three critical 
absorption wave-lengths in the L series explain, according to the law, 
the presence of 6 of the lines in the L emission series. 

The 7 line in the K series and several lines in the L series lie very close 
to the critical absorption wave-lengths, and in order to explain them we 
must assume the existence of other critical absorption wave-lengths in 
the suspected N series, etc. 

In conclusion we call attention to the fact that the equations which 
have been suggested to represent the lines in ordinary spectrum analysis 
are usually in the form of the difference between two functions, and also 
that X-ray critical absorption is not the same as ordinary absorption 
which obeys Kirchhoff’s law. 

Harvard Univkrsity, 

March, 1919. 
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ON THE CRITICAL ABSORPTION AND CHARACTERISTIC 
EMISSION X-RAY FREQUENCIES. 

By William Duane and Kang-Fuh Hu. 

Synopsis. 

In the analysis of X-ray line spectra it is of considerable importance to know 
whether or not the critical absorption, the critical ionization and the highest char- 
acteristic emission frequencies associated with any one single X-ray series are 
exactly equal to each other. Such knowledge must have a marked influence on 
speculation and theories as to the mechanism of X-radiation and the structure 
of atoms. 

The object of the research reported in this paper has been to measure these 
three frequencies, as precisely as possible, using the same instruments throughout 
the work. The measurements have been made with the X-ray spectrometer em- 
ployed several years ago to determine the value of h. The X-rays came from the 
steadiest sources at present available, namely, Coolidge tubes excited by currents 
from a high tension storage battery. 

As results of our research we conclude that the critical ionization frequency equals 
the critical ahsorptioyi frequency to within considerably less thayi if 10 per cent.; and 
that the critical absorption frequency' exceeds the frequency of the 7 line in the emission 
series by 1(4 per cent, or ifs per cent., these being determined by measuring from 
the centers of the drops and peaks in the curves corresponding to them respectively. 

r N the analysis of characteristic X-ray spectra we recognize four 
^ different kinds of frequency of vibration associated with each series 
of lines. In the K series of a chemical element, for example, we have: 
(a) several emission frequencies; {h) one critical absorption frequency; 
(c) one critical ionization frequency and {d) one frequency such that 
when it is multiplied by Planck's action constant, h, the product equals 
the minimum energy the electron in the X-ray tube must have in order 
that it may be able to produce the K emission series. 

It is known that the highest frequency in the emission spectrum (the 
7 line) and the other three frequencies ( 5 ), (c) and (d) lie close together, 
i.e., within a few per cent, of each other. 

The object of the research reported in this paper has been to deter- 
mine whether, within the limits of experimental error, the 7 line frequency 
the critical absorption frequency and the critical ionization frequency, 
are exactly equal to each other or not. 

^ A paper presented at the New York meeting of the American Physical Society, April 27,, 



Throughout these experinuuits we used the same X-ray spectron 
(namely that descnl)e(l in the Puvsk'al Rkvikw for December, ] 
page 624), and, in order to eliminate some of the possildc soura 
error, we did not change the general set up of the instrument. 

We calculated the wa\'e-lengths of the X-rays reflected from 
surface of the calcite crystal by means of the ecpiation 

X = ().056 X sin 0 X 10 ^ cm. 

where 6 is the grazing angle of incidence. 

The X-rays came from tubes of the ('oolidge type. One of the t 
had a tungsten target and the otlier had a rhodium target. 

The X-rays passed through two narrow slits before they reached th( 
cite crystal. As the third slit, that in front of the ionization chamber 
large enough to admit the entire refiected beam, this method elimii 
large corrections for the penetration of the X-rays into the crystal ( 

The electrical current (2 milliamperes) through the X-ray tube ( 
from a high potential storage battery. In most of the experiment 
held the difference of potential between the electrodes of the tube 
stant at 37,750 volts, and, if any small unavoidable variation from 
value occurred, we corrected for it. 

In order to avoid actually determining the zero point on the sea 
the instrument we either measured the lines on each side of it, or 
found their positions in both the first and the second order spectra, 
various sets of measurements agree with each other to within the li 
of experimental error. 

In order to determine whether or not the critical al)sorption frequ 
differs from the critical ionization frequency, we filled the ionizj 
chamber with methyl-iodide and used a thin layer of potassium ic 
as the absorber. 

The curves in Fig. i represent the ionization currents as functio; 
the readings of the verniers attached to the crystal table. The ci 
A and A' refer to experiments in which no absorber was used, 
sharp breaks in the curves occur at angles corresponding to the cr; 
ionization wave-length of iodine. X-rays of shorter wave-length 
this critical wave-length produce more ionization than X-rays of Ic 
wave-length do. Measuring from the center of the drop on one si( 
the zero to the center of the drop on the other side we get for the dc 
grazing angle 26 (after subtracting an excentricity correction of 
26 = 7' 4' 25". Whence the critical ionization wave-length > 
= -3736 X cm. 

Curve B represents an experiment in which the X-rays passed thr 
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a thin layer of potassium iodide before reaching the spectrometer. The 
iodine in the salt absorbs X-rays of shorter wave-lengths than the critical 
absorption wave-lengths to a greater extent than it does longer waves. 
The magnitude of the change in the absorption depends, of course, upon 
the thickness of the absorbing layer, and in this experiment the layer was 
thick enough to more than counteract the increase in ionization for X- 
rays shorter than the critical ionization wave length. The ordinates in 
curve C are the ratios of those in curve B to those in curve A respectively. 
Curve C represents, therefore, the true critical absorption effect un- 
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influenced by the change in ionization at the critical ionization wave- 
length; and the angle measured to the center of the drop corresponds to 
the critical absorption wave-length Xo. It appears from the graphs 
that the centers of the drops in curve A and curve C fall sensibly at the 
same abscissa; that is, the angles corresponding to the critical absorption 
and critical ionization wave-length do not differ from each other by 
more than a few seconds of arc. A difference of 10" of arc could be 
detected, which means that the critical absorption and critical ionization 
wave-lengths are equal to each other to within less than ijio per cent. 

In order to determine whether or not the K critical absorption wave- 
length (Xo) of a chemical element is the same as that of the 7 emission 
line in the K series we have investigated the emission spectrum of an 
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spectrum the distance between the two peaks about doubles itself, 
while the breadth of each peak remains about the same. 

The wave-lengths of the a lines calculated from the first and second 
order spectra, without direct reference to the zero, equal the corresponding 
wave-lengths calculated from the first order spectra alone. 



The peaks in the curves of Fig. 4 correspond to the y line in the first 
order spectrum on each side of the zero. 

The curves in Figs. 2, 3 and 4 furnish three independent methods of 
estimating the position of the zero on the scale. 

A correction for eccentricity amounting to about 45'' of arc must be 
subtracted from the double grazing angle. 

The following table contains the wave-lengths of all four lines. 


K Series of Rhodium {45). X X 10^ cm. 


ao. 

ai. 

/3. 

y- 

.6164 

.6122 

.5451 

.5342 

.6163 

.6121 

.5453 

.5343 

.6164 

.6120 

.5454 

.5342 


In 1917^ Prof. F. C. Blake and one of us obtained the value 
X = .5324 X lo”"^ cm. for the critical K absorption frequency of rhodium. 
As this differs from the values of \ contained in the above table by 
slightly more than the probable error of the measurement, and as the 
spectrometer had been partly dismantled and the parts reassembled, the 
authors of this paper decided to re-measure the critical absorption 
wave-length. 

For this purpose we used the tungsten target X-ray tube and an 
absorbing layer of rhodium salt placed between the tube and the spec- 



Measuring from the centers of the shar|) !)reaks in the curve 
two sides of the zero line, we get for the critical K absorption \va\ 
of rhodium X = X lo ^ I'his valiu‘ agrees with that obi 

1917 to within approximately one tentli pia- ctait., !)ut diiTers i 
wave-length of the 7 emission line by almost one fourth per cen 
In order to obtain additional evidence as to wluaher or not th 
ence really exists, we have made vsome (experiments using the 
target tube both with and without tlie rhodium salt absorber. 
The curves in Fig. 5 represent tlie results ol)tained. The v 



the slits were somewhat larger than in the previous experiment 
were larger, also, for the measurements on the right hand sid 
zero, than on the left. The readings for corresponding part 
curves with and without the absorbing screen were made on 1 
day, but the readings for different sections of the curves were 
different days. This is shown by the discontinuities in and over 
of the curves. 

Curve A has been platted from the data obtained without th( 
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ing screen, and curve with the absorbing screen. The third curve 
below represents the ratio of the B to the A ionization currents. 

The curves indicate that the rhodium has no appreciable selective ab- 
sorption for the X-rays in its own ai, and p emission lines. The marked 
increase in absorption occurs, however, close to the peak representing 
the 7 line. Further the wave-length corresponding to the center of the 
7 line peak is about one third per cent, longer than that corresponding 
to the center of the absorption drop. 

It appears, therefore, from both experiments that, if the wave-length 
of the emission line corresponds to the center of the peak, and, if the 
critical absorption wave-length corresponds to the center of the absorption 
drop, the critical absorption wave-length is about one fourth per cent, shorter 
than that of the y emission line. 



Reprinted from the Physical Review, N,S.. Vol. XlV, No. 5, November, 1919.) 


ON THE SPECTRUM OF X-RAYS FROM AN ALUMINIUM 

TARGET.i 

By William Duane and Takeo Shimizu. 

Synopsis. 

Aluminium SpeUrum . — The object of the research has been to investigate the 
question whether or not the frequencies of the K series are the highest X-rays 
frequencies characteristic of a chemical element. Several investigators have found 
experimental evidence, which they interpret as indicating the existence of char- 
acteristic emission or absorption of frequency higher than those in the K series. 

For aluminium the wave-lengths corresponding to these frequencies are stated to 
be .37 X io“8 cm, and .49 x lO"^ cm. The authors of this paper have examined the 
emission spectrum of aluminium between the wave-lengths .1820 xio"^ cm. and 
1. 259 X io"8 cm. Four small peaks appear on the curves, indicating characteristic 
radiation at wave-lengths .622 x lo"® cm., .705 x io“8 cm., .975 x lo-s cm. and 
1.18 X io"8 cm. The first two belong to the K series of molybdenum, and un- 
doubtedly come from the metallic molybdenum in the Coolidge carthode in the 
X-ray tube. The last two belong to the L series of lead, and undoubtedly come 
from the lead screens containing the slits through which the X-rays passed before 
they reached the X-ray spectrometer. 

No other peaks appear on the curve, and this leads to the conclusion that, within 
the range examined, aluminium has no emission lines the intensities of which 
amount to as much as 2 per cent, of the general radiation in the neighborhood. 

S EVERAL investigators*-^ have obtained experimental evidence, which 
they interpreted as indicating the existence of the emission or the 
absorption of X-radiation characteristic of a chemical element (the 
J-series), and of higher frequency than those in its K-series. Barkla 
and white {l.c,) measured the coefficient of absorption of X-rays in 
copper, aluminium, paper, water, and paraffin- wax. On platting these 

coefficients against the wave-lengths, and also on platting the coefficients 
for one substance against those for another (copper) certain breaks in 
the curves appeared, similar to, but very much smaller than the breaks 
that occur at the critical absorption wave-lengths associated with the 
K and L series of characteristic X-rays. From these breaks they inferred 
the existence of X-radiation characteristic of aluminium, oxygen and 
carbon at the wave-lengths .37 x I0“® cm., 39 x iO“^ cm. and .42 x io~^ 

^ A paper read at the New York meeting of the American Physical Society, March i, 1919* 
2 C. G. Barkla, Roy. Soc. Phil. Trans., 217. pp. 3iS”36o, Aug. 29, 1917- C. G. Barkla 
and Margaret P. White,’ Phil. Mag., 34, PP- 270-285, Oct., 1917. C. M. Williams, Roy, Soc, 
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more small peaks indicating characteristic radiation. These peaks corre- 
spond exactly with the /3 and a lines in the L series of lead, and, doubtless, 
are due to secondary rays from the lead blocks containing the slits through 
which the X-rays passed before they reached the spectrometer. 

In order to extend the research to X-rays of shorter wave-length 
than those produced by a difference of potential of 53,200 volts, we took 
a series of readings with a difference of potential of 71,200 volts. The 
curve FG represents these measurements, and it contains no peak. 

Molybdenum and lead are much more efficient radiators of X-rays 
than aluminium is, for their atomic numbers are higher, 47 and 82 respec- 
tively, instead of 13 for aluminium. Further, if the voltage applied to 
the X-ray tube lies considerably above that required to produce the 
characteristic rays of its target (as is the case with molybdenum and lead 
in our experiments), the characteristic radiation is many times more 
intense than the general radiation in its neighborhood. It is not surpris- 
ing, therefore, that secondary or tertiary characteristic radiation from 
molybdenum and lead can produce effects amounting to a few per cent, 
of the general primary radiation from aluminium, upon which it is super- 
posed, as indicated by our curves. 

No peaks representing the emission of characteristic X-rays appear on 
our curves other than those corresponding to the K series of molybdenum 
and the L series of lead, and we conclude, therefore, that aluminium 
has no characteristic lines in its emission spectrum, between the wave- 
lengths .1820 X 10“^ cm. and 1.259 x io“^ cm. that amount to as much 
as 2 per cent, of the general radiation in the neighborhood and that 
can be produced by the voltages we employed. 

Harvard University. 




[Reprinted from the Physical Review, N.S., Vol. XIV, No* 6, December 1919.] 


ON THE X-RAY ABSORPTION FREQUENCIES CHARACTER- 
ISTIC OF THE CHEMICAL ELEMENTS. 


By William Duane and Kang-Fuh-Hu. 


Synopsis. 


Object . — The object of this paper is to record in some detail the data presented to- 
the American Physical Society at its meeting on April 27, 1918.^ 

Blake and Duane^ had determined the critical absorption wave-lengths associated 
with the K series of x-rays for most of the chemical elements from bromine (atomic 
number 35) to cerium (atomic number 58) by measuring the currents in an ionization 
chamber attached to an x-ray spectrometer. The research reported in this paper ex- 
tends the measurements to chemical elements of lower atomic number, as far as man- 
ganese (atomic number 25). The same apparatus was used as in the previous research, 
except that the x-ray tube employed had a long glass tube attached to it carrying a 
thin glass window at its end. This window lay close to the spectrometer slit, and the 
device materially reduced the absorption of the long x-rays by the air and glass. 

Importance in Theory . — These critical absorption wave-lengths have considerable 
importance in connection with the theories of the structure of matter and the mechan- 
ism of radiation, for they represent frequencies of vibration that are the highest x-ray 
frequencies definitely known to be characteristic of the chemical elements. 

ResulLs . — From the experiments it appears that the square root of the critical 
absorpion frequency is not quite a linear function of the atomic number. 

If we calculate the velocity v of an electron in the x-ray tube required to produce the 
radiation from the equation 



(i> 


using for p the critical absorption frequency, we find that 7; is a linear function of iV, 
namely 

V = VQ (N — 3/2), 2;o = .oo6^Sxc (2) 

for all the chemical elements from manganese to cerium. 

Further equation (2) gives the critical velocity for the chemical elements as far as 
magnesium, if we use data obtained from emission spectra. 

It will be noticed that equation (i) contains the expression for the transverse mass 
of the electron. 


I N Moseley’s classical experiments^ on x-rays he showed that the square 
ro*ots of the frequencies, v, of corresponding lines in the characteristic 
emission spectra of the chemical elements are very nearly linear functions 
of the atomic number, iV, of those elements. Recent researches have 
confirmed and extended these results. The wave-lengths of about fifteen 

1 Phys. Rev., June, 1918, p. 488. 

2 Phys. Rev., Dec., 1917, <597. 
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lines in each of the eniiwssion spectra of a large nuinher of chemical 
have been measured and tabulated. l'lu‘ graphs’ representing > 
responding lines in these spectra as fiintiions of .V are not quite 
They bend slightly upward, the curx’aUire iH'coniing more n: 
the frec|uency increavses. 

Attempts have been made to dt‘du(a‘ empirical formulas for v 
of N, and some of these, “ with four arbitrary constants, seem 
data very well. 

The equations''* in Bohr’s theory of radiation contain the 
of the electron. Since m varies with tlu‘ (‘lt‘(iroa’s V(T)city tl 
roots of these expressions for the fn'ttiuau'it^s of rotation and 
are not quite linear functions of *V. 'Flu* de\'iati<m from tin 
line law is much the same as that whic'h appt‘ars in the graphs n*}: 
experimental data. 

It might be expected that tlu‘ ('riti('al al)sor[)tion fr(H|Ui‘ncies r 
with the emission series of x-rays wtmld bt^ar tlu‘ most fundanu 
perhaps, the simplest relations to the atomic number’s; for th( 
to be the most important fre([iu‘n(n\‘s ('harac'tm'istic of th(‘ che 
meats. Their importance rests ui)on the following fac'ts. {a) 
absorption frequency equals tlu^ criti(‘al ionization frecpieiuy t 
with the same x-ray emission smat's.’ TIu' latfiT prol)ably n 
critical frequency for the charatii‘ristic emission of eUrt rons wit 
energy from the atom. (/;) I'he diiha'muH^ belwetm (wo critici 
tion frequencies equals the fn^tpiency of om^ of the (‘mission li 
acteristic of the chemical element.^' (c) A critical abs{)r|)(i()n f 
substituted in the quantum (Hiuation, Ve - givi‘s the \ 
required to produce the emission seri(‘s asso(aati‘d with it.** 
critical absorption frequency is the highest x-ray friafiuaiey km 
characteristic of its chemical elenumt. It lic‘s v(‘ry (iose to, l)i 
above, the highest frequency in tlu‘ corn‘Hponding (‘mission s(^r 

De Broglie has made a series of interesting and important exj: 
in which he measured the critical absor[)tion wave-ltmgtlis chai 
of a large number of chemical elements. 1!(^ us(‘d an x-ray spe 
with a rock salt crystal, and determined the position of the 
rays reflected from the crystal by means of a photographic phi 

^ Friman, Phil. Mag., Nov., 1916, p, 497. 

2 Uhler, Phys. Rev., April, 19x7, p. 325. 

^ Phil. Mag., September, 1913, p. 476. 

^ Duane and Hu, Phys. Rev., June, 191B, p. 489; Dec., I9^«^ 

® Duane and Shimizu, Phys. Rev., April, 1919, p. 309; July, u^i9. 

« Webster, Phys. Rev., June, 19x6, p. 599; and Duane and Hu, l.c . 

’ Duane and Hu, l.c. 
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Owing to the difficulty of estimating by this method the effect due to 
the penetration of the x-ray into the reflecting crystal, and that due to 
the widths of the spectrometer’s slits, Prof. F. C. Blake and one of us^ 
decided to undertake a series of measurements using the ionization 
method of detecting the reflected beam. The data obtained in these 
experiments include the critical absorption wave-lengths associated with 
the K series of x-rays for all but two of the known chemical elements 
from bromine (N = 35) to cerium {N = 58). 

The equation v = vq (N — 3 . 5 )^, in which vq is the Rydberg funda- 
mental frequency, namely 109,675 multiplied by the velocity of light, 
approximately represents the critical absorption frequencies v corre- 
sponding to these wave-lengths. There appears to be, however, a small 
systematic variation from the law represented by the equation. 

The object of the research reported in this paper has been to extend 
the measurements to chemical elements of lower atomic number than 
that of bromine, and we have succeeded in obtaining the critical absorp- 
tion wave-lengths associated with the K series for all the chemical ele- 
ments from bromine (N — 35) to manganese (N = 25). 

The magnitudes of the frequencies belonging to chemical elements 
having small values of N give us the best determinations of the quantity 
k in formulas of the general form 

V = vo{N — k). 

The x-rays in the K series of chemical elements of low atomic numbers 
are comparatively long; and, since the coefficient of absorption of x-rays 
varies approximately as the cube of the wave-length, the absorption of 
the rays of long wave-length by the glass walls of the x-ray tube itself 
becomes of great importance. In order to allow as much radiation of 
long wave-length to emerge from the tube as possible we designed, and 
had constructed an x-ray bulb with a long glass side tube attached to it. 
This tube extended out toward the x-ray spectrometer, and carried at its 
end a thin glass window, which lay close to the spectrometer’s slit. 
The device markedly reduced the absorption of the x-rays by the glass 
and air. 

Except for this side tube attached to the x-ray bulb the apparatus 
used in the experiments on chemical elements from manganese to bromine 
was exactly the same as that employed in the experiment on chemical 
elements from bromine to cerium. A detailed description of this appa- 
ratus may be found in the Physical Review for December, 1917, on 
page 624. 
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from thosi‘ ^ivoii !>>' flu* liiu*ar rt[uatiMn 
by as miu'h as 15 por wul. 

II10 liffh (‘oluiim in flu* labk* «'i*!i(ainr. liu^ x.miu - m! ^-H'i flir .i\ili, 
of lii) Villi'. NcUlt‘ of tlu* \.ihu‘S t'f o'u ilillrl h.so ],\ imirli 

ns 1/5 pta'ctMif., oxofpt that for /inr. 
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magnesium (A' u). 
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i hrmii al f 
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Chemical Element. . 

Atomic 

Niimhri'. 

X t*»X \ ' 

•*' 1*1 ■*, 


.Pi - 

( lifaniiuin 

.At 

.eor »7 


1 .a. 

i< M * 

I'haniiiui 

> i 

I.VM 

i. in 

1 n>i 

h ;-H 

( alrium . . , ... . 

j.n 

.vo;p' 


1 t -y ‘ 

» . : ;■ i 

PtHaHHiiiia . . 

m 

5 -t-m 

.*il r; 

1 1 ' ^ 

; : I 

< 'lihiririn . . : 

17 

■I.en 


0 t'H ! 

u Ml 

Stilphtir ........ ‘ 

m 

5 ni l 


i sg- .".J 


I*lit.ir4»!iariiH , , , , . . 

15 

..^ .SO'I 


% 1 1 ; 

i. Oa 

Siiirun , , , , , . . , 
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,f»er» i 
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lA 

7 , a,H 

til U 

n." an' 
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In iTaiC'lUHioil wv wish to <m!1 affiaition to fhr lai f ihal §rfi! * r; I!«a flie 
rekUimiy expression for tin.* kinefie eneriiy oif tin- rlrotroii. 1 !ir* i/iri 
that eciniitioii (j) gixms the lw;iAi*rr.u* iiimai of ihr I'hmtiMii ^aig’gr'a** that 
possibly V may reiiresent the vrh*«if%^ tif an rh*ii'rrai tmrvrlhiH: ni an 
orbit. These poirils will be tliHrUHsetf in anollin |ei|irr. 
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tl\ lill 


\ I-: \ 

h, 1 i( 


i i(i\ 1 kr.(,)i i'Acu's rHARAC’ri'k 

'I I 111 ( lllAilCAl. I'.l.l'Ml'ATS.' 


5 ^. A ; . ^ in V',t I Aui'* I I', 


■ • ' ■- ‘..AfnA '.\a\r lrlsv;«h'i 4 ^ lAf rr \ with I hr K Art ii'S t»l' 

. ' ‘ >• ;■ ; .>/: nvf lij. M Ml fhr hitrUU »!«»|uir.»! rlrlUrJlt.: t'folll 

. -• ■ , . \ -- .:m { hr Mh-^-i t * <J i hr r \| tr! UiU* U I 1 Ir* A'lil H'li Itl 

: . aa ■ ‘ ' '■ ■ ■ ’ ’-r .i -.r-r.jrijt i t> • t h* tun a! rlrui« »il r! hi>',hr| atrluir 

. .A \ A,Ai-r!rl 

’■ 1 r ■ f hr r|*t|nr MSUrUt tlilttUltll tlu* 

s . •• t ’. '.' •• -.4 jm.mmm «<•!!;, ^.iviitr, all r Uki 1 1 au< »t i Vr 

^ 1 -wn A » hlir } rUt r mI } h *{ ru t iai 1 4 .hi,“* '«» 

' , - • . A"/ ; . •aa 'Jr-itia than f!ir ijifual .^1 .nmt u«ii \i,avr' 

A .• ■: ■ ',■.••■ ■ I. -I .. ,nj«i !(' uialr f hr lura AUrJiHMiih. h ti 

■'..•v,, .. .■, .'A*; --r'. A-,, • .a • . ■ •, • r. A.- } ■■. , h 4 i U j|« luit I r | * ! l| u a I 4 1 | »l li »f I Vva Vr ■ 

A:..,',.. .■ ■•, • A ? hr \ !aV tl}h<v I hr alitiutt:'!, tlirtr- 

, .• r ■/ ,! t .4 i . ■■ asrl IrniainU'. attaihrt! t<i 

A, •• ’ .1 ■ . •: A;:a . hlirlr tj. r * -I |<Mf rut lal I' \« r j it |mI I IllA 

- .v A!. A A si A { U < an t Ird tj-r 1 i 3 jS t h*' ra 1 1 «r I J r- , rat t lir'i, 

.?A-::,.. i; A .v: 4’ "■■A ’3 .j: writ* tara'ajlnl In} rij*htoMhr 

,A. .A-i„,, : ; nnnan -r,,. f., h-.n! iA linth isuitiaiva, 

I A- . '■ A.- vA'i.iA-a * . a i r J » ai« hi! K I" Uu'U UAlVl* lrUJ.;t Iki, 

*, A ; ‘A-- .rA'.;:.-> i i a is » A'r 5 , Hrhiatr a -.Mil j-^ratr! «lr|ia!tUir hrtU 

•.A.v A.r- Aw. '.Aan vah.r-: |a.«- '» lM*a-!| V MhfaltSrsf l.tf rlrjurut'i < »1 ItsWrA 

4 •> A A^-t 3. rA, ■■■' • J r-wAUi^.u 

t - mV ■ 'h {t^ 

} V » i I ls<’ vrh-. sf^ .4 fhrrJriMMiriUSliirXlaVtlli’t’ia*’ 

' 1, • ns ■ i- |„ rrji“-;r.<3J .i-i a » hrjiiu al r|rJar!tl hI tttiiUiil.' tUlIlihl’t 

’ A.,V. % -■ ■, A'.r -vrA -.^har*! !«%" ! hr i|S!aaMiin trhittMlt, tlHtUh ihr 

, ,M- r s: A . J mm, ■ 'n’ ? s: <- .A ■ ..v- 's 1 M-- Vahar's m| :Mal-Hialr*l hv thi' 'uUSir hamuhlH 

V , M, .n, .,! .S A :.A-,3!AAa«-; -S !.-wA.hr? jfliaa s.M Sail -.hlfhlh- hrif.w thira' f^lVrU hy 

■ ; ti *' .v-s-vaA'A. ?. .1 ? a.A A • s A'-. M.-An ihr as}i aUnajUf t** 4 liUlr oVrt t 


S i \ ! !A\1 jiiil*!i 4 irir-' ( 1 > M'liiiitiK miM.siirfiuciils of 

ihr . ::!5, .1! .sil «'IV' Irlilillr .l‘.-,ot‘i,ltfli uitli tlic K .sci’ios of 

s i.M , , ! i. ,, iri-..!:. .lU lull twiiol ihr lumuii flinniral rlriuriils from 
m..,i.,,uu , if. 0.1;. numl.r ! \ , lo m iiiiii f .V 5S1 bolh inrlii.‘.ivr. 

• A , ^ ■ .■•■.•„ ..A- : Ma-'- ii.sA. ssr.ns*' Ujr AliirtHalJ hui'irty, iSriTlSt- 

1 r 5 . , . ; 

•. |lM.A;r. JA,,.. ||,|;;vA_ lir. . ivi';. I*, iSi-iaiir alltl llth IhIVN. HKVm 
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\ \ n f.xhi 


siil 
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III llu'St* i‘Xpt‘rifHrn Is tlit* (‘Icfn-ic iImu ihr ^ i.i\ 

fuhi* (xunt* irn!!i a sfnra^r h-iUtaa .ui.iHm iril . /.laa, uht, m inlh, 
t'ha rm‘t 1 , a t li I i n't aux * « »| pt t| lai l kj 1 < *! a 1 *< an [ \ ‘ -n 1 ! i ; ■ • 1 : l ’ i. ! r f a »> 

of poliaifial rail nof prtHliit'o \ sa\ - nnirli -litah! liir k inf’r.il 

al)snrf)l!un w axT-lfiiKllt «*f rta'itnii, an*!, o. Hu’ ui\. !rnr,ili 

ikri'rasfs <jui{f !’apiilk‘ wUU iiMavar-iiu.; ohant. iini Ju i , a !,,injp 

iaipossilih* In mak<* ^otni nica-airfaiicnr-. I«'i rhuii-ut »‘f ]• ,, lu i .asaa-i 
iuuhIhts tiiaa 5N. 

11u* anihors ihia'finro m*I tip .t pkiif .nia' a n> flm ,|,- 

si?pu'«l l>\' r)r. A. \\‘. Htill, rofi'Anri! mI a hu h l«ai .sat n.iii .ftaju* i 

.iHaclual {u a sy>l‘'Ul ut noialats .i -i % an*! k<'iN a n ar. |m! iiianif liuni.; iht- 
\'ohai;r ap|H’u\imaP‘h' ('oii-naiir. Th*-’ plan! ».a\o ii . i » •] f , , lip. 
aluHil n 5,n(K) \ ull.s an<i wr wrro al»lr tu ffa-a'.iu*" f li*' « i if ’? .il .*J * ' a pf i. ai 
\va\a‘-!i‘n^l hs as-^a uialrd watli I hr K ir', ? a ria.lit » a i a-^' » SMsaa i! ^h-turui ■. 

from niaHkauiiuu i A' (iu> in h a*! A .s * 

l’!xr<‘pt h*r flir y^rarraliap, plaiP ihr appa? af u. - la I ft*-! fit. if 

usr<! in t hr rar lirr I i’'‘aMrrhr% 'akf.aa!3<! fh^ .aija p: * . . 1 1 1 ! : ■ > ■ : t i r f.ilaii 
lo i^liininalr rnurs dllr in iho prmiialJ^ai mI fhr \ 3, a ■. ra- - ila wilvi fiiu* 
ca’Wsfa! tralrifry ant! fhr ui«lfh rt| ihr ■■.I'lr-t ri* -jia-ir? .In . 

( 'ur\.'t‘s wrf i* «liau n for <’a< h rhnnu'al rim nan ■.'ool.ti ^ f h - ^ inhl: ?a-< 1 
nn fiaK’'* \1 Riviru na |Jr««aa!>ri. lal;. asai tla- 

ailKl*!'*!' t*«'f^vrrn flir Ulhl ptaiH'- !H fhr -happilo-p, ,,;a!. r a, fljf 

tp*a/ing anglr of inri«!rnrr. lr«»n} uhali !m » ,*h thr w.wr 

!»y fhr loriuula 

X n.Mprj Mil #1 . In '• j ]|| 

l‘hr {ollowini4 fahir lunfaiir-* fhr tiafa. Hi'-' > iila ,\1 aJ*-. -ppl .a .u r 
Iriii^lhs afiprar in fhr ilhni ruluinin an»I fhr ‘.»|ii.itr O'-*!'., ihr ^ 
spofifliiig vihr.ilirn liri|nriirira in liir I* an ill 

Thi* of llir rrif il'a! .ihaoi plion \V4\r IriHpIr. ^:nr-ii |<% fir via 

arr Hrvrral firr t'riil, smallrr than oui'-^ 


Ctitwiml Ilf . 

Aittmit; 


m 

'Trrhiiiiit 



nit 


M 


I riSTtSlHHi 


i r- 'i| 
■I ra ; 
.1 * n 


j A n ih>\ i-Ki oi ^ 24 . 

Ml! |h.l!!i!U. fi.t' qil.ilf nn*I-. iq ihr \ ! 1 tl', i t i( »! i f !H*t | {Hi U'ii‘S tlu‘ 

.ifiiiiir iiiiiiitn!- :i t.Mi lir flijr tii'pail Irrtin ihi* slraii^lu liiH‘ 

l.iu ‘-tul tiiniai flir \,s3uf. |»!r\ nhfaiurd tt>r cluiuic'al 

rltiiH il ! 1 * a\ « i , t f * iiur niliiil .ri , 

if ha . hri !! -.h. un : ijiai r|ir of (ha (‘Icrtjiins ill (lu* x-ray 

filin' I f ■* |ii.: ! *n ! I ■> ' ; 'a •- !u! » ■ f hi • !\ » aui-. ■;< ai -ai i<*s i il H‘ys I !u‘ law n'prasiiitiHl 

fa' fh.a »■< *11 

a'. A y ■ t A' y a ), ( \ ) 

Imi , lii tnh a! rhii.i I’f up f. * « li uuii \' yN'h prn\a(ltHl that wt* uakiilatc^ 

■ II* <Ul ilia qu.ta*! iHn aqilaflt HI. 

hv^ ( 2 ) 

In ill!'. fn|ii.ifi»a} .• r {■, ihr niiira! ah:-* n'pf ion fro* jutiKyv, and /;/, (lu‘ 
I ! atr.\ si O' laa . . » *1 I hr I'lfti 1 1 aj . i-. a,i\Tn h\- ihr rt{ua(i<ai 

, 

. (y) 

\ i ,ri 

lilfh ju fhr I a! <lr i ( ai f >du‘'. flir \alursi»th‘^ a tidrulaf rd 

Iw r* |llaf !ri!-, .* . (.ad . pUHuu: h ^ry^y a lu -‘'h ///,j X HI 

a ’ id » .* aj'ri’ !* > 

Ill till" M\ fh « « Xainn appraj I la ■ \ alii*'-. < <! rk, * 'ah'lll.itrd fVoiu tlu* (‘XpruS” 
-.ail a \ ; ■* i h«’ sill!* Mil* S . hi furrn tllrri’ \ altirs ut /hi and that 

iMiuid ptiH aai'.h.- !».{ < hrtiii* a! <■lrinrnfv.nl !««wrr at* unit* nuinhui's, nainrly, 
o.iHifapa p, Ills o-.r.r poH.yrn-a\'rl'V ttifh iiH'ic*-a'-.iiig atouiir muiilHi*. Ah thi* 
|,;|iMtr'4 dill»i s’llM’ I'siiliu a llffir IlHi*’ fluui t ptT Ciilt. 

'aiaar'ii-d i!i a f*atiiri paprr flw iati that tlu‘ irufisvt'rse mass nf 
till' rhaiiofi f-n!*'!-. intr» i!i«« ri |uaf ioiiM may muan tliat v is rrally tlu‘ 
vriMiifv **! flir i-h-s tiMiia HI all tiliit, It tln* aliovu variation in tlu‘ 
%4liir ill Jj lii.n hr diir to iIh” iiiai^nrUr' fttuci of thf vU’cdrons in a rini;' 
oii iMil't ofhri, and m*! I** a lark of t ouNfaury in t!ui‘r angular monumta. 
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nil in i \iiu\ lu lUM'A THi’: iN'n-;Nsn‘\- of c.I'.nicrai. 
\ k\iu\ll<»\ AND riU’. ATOMIC NCMUICK OF 
rUF WilCATIlOOH.' 

W'iUUAI M« .\%J» rAKl.i» SjUMl/t'. 

jC'..,-,; I 1:.'- A i.t’h.iflMH »*.' kHoWU C(» 1 h' 4J»f 4 uxiuUttt'l V pIAF* 

y ,l\i *V.-- -c. I hr rh-iUfJll » • aftt If Ut iUfit t lie iUU il'Ut llUf lt‘, pt'OVidfd 

-Vi-' !!;'.r '.u^.v Huf 'iijn u I hu .ifuitiji* uci^htM ;ut\ nuighly 

ui |’= •? ‘C •‘•o c. 5 !..r .n -s^u. isitisshrri. if JiJ.iv S'«' ttiaC ihr iiitiTiMify hi i>n»l>or» 
A.'C.il C" i ■ -I '.hr s iuvi , , . 4s s - 3rf ifiH f 1»‘‘ ifiJpuHaiif p.iff whicli tlu‘ 

’ho nleor-iuru.l >4 » h.ll 4* f C! Til If AI.Mliatiull. *1111’ ol>i«H*t 

!!'.«• »' If, -S .ofF* .A : ■■ ■ * Irij'lr { h ! | sSf if . 

I i. f .'f V* .• :r ! ■^:ho i'-a r-s* . *":-ur rl.-jiirijf •: 4041. <A»h,i,lf . tiickrl ailtl COppi’f 
Ov . .v'-fo ■" c'::,.' .v'. . .Uf Av.,-' Ch.o »-hr Al'^un> uri!f;hf-j m! »».!*, ilf .m»l Jiirkel illi* iu liu* ti'- 
.. ’ ,.Cf All AS.lV fuhe.«l •fprrtal {>'1**% whicU 

A- t .... t .V'.’. o.'- ; • l>r o .'.O rh-jursif-i 441 f III' lnUI'f U| a ( \fulitlK<' 

A ."C h, 'i'r.- •Oj.-A .j 1 Sr'.aF4a-i hrf’ArrU tile f*HU-.»nl puilll ailil t lU* 

‘V.r oi>' A'i-; .U. .n VO. Co I h', 4 1.4UC' C'.44Kr h.tHr'iV of uvailahlr vnltUKi* 

, . l ;.ra o. ■ '», i]ir s 4 ’. '! » -lJUiif; mIJI mI { U»' Wluch alUlOfit 

h.sv .4 hxiA ■ ■ ' f. c • ■ U .p. i - u o 1 iH' 4 'f u i «' i | Pv uir,uvM»{ au iutii/af iutu'hamlM'f 

I hr ' -A.U! t . i pi <*{.» 4 f SMlial fu f hc af Ofl» iC Ull«l tlut 

,,n. i .s shr 4 "-vr oau Uu'f wa’i paituntlaflv clear 

Vhv .0 ! ;':, 0 -.-U;r .; A,, . ,!. 4 h aid lil'-Url urir III f li»’ ff'VCj'UMl Olflt’I ot 


I ■'HI lijfrir.iiv ..1 Kriict.il X f .(ili.it ii 'll iv^aniftl as a I'lmctiuii of 

ihr >>! ilir rvi iiiny, tioti'i atul aFoas thal o| (lie fhi'tuk'al 

n.tini.- -4 iln-aiiii. .4l!-.tir tt.r. fitsl !(valct| ihooiflically l>y j . .1 . 'I'hoMison* 
ill !■>.•;> Hi-. lu-a.ai, mioa UTlatu a.s.-iUitijitions, was tliat the 

nHrn-.Hi -.h.ail.l !»■ 1.- ia..|,oi tioual In tile loufth power of the 

\rlniiiv <4 fill r i>!!siu' cliitioiii aii*! (11. 1 iiitlfjieiifiejil ol t he <“henut til 
,M,, a.iuJinn ..1 !hr ..!i!i. a!liM.le. rite lir,4 part of the eonehision Wits a 
ni. ji- .It Ifi.tt little, littt it w.w proveil to lie true Ity later 

i-xiK !a/i* !,? .5 -ile i tut l••.!iK.ltol>., eMjteet.tlly those of Hetitty,'' wlio 

CiMWei! )!; a sL. I.IW W.e. v.ilili for the Keiier.tl x raiiititioii. 1 he 

^ - o-F: .lO. 4 inrrtsr.j.: -4 «h^ Amrilvaii l*hV‘*fcal .Hoiirfy. Aptil i?, lOtH. 

it f . n, . I 'i |i.4 l?4ii<at Ifuiu I lot llttilir't. Maih* t-h Pl'h 


■ f U 


|l4ll < 

hr,i\^y riiri4l‘* 41 «’ 134^'**' 
l‘Iiii|ii«'^ii t’ ^ 

aiitl lilt* iMi !»* ’ ' 

I1ir fir:*4. 4\ :■ ■ ■' ■ ■ ■ ’--tv!; 

tif |*rllli"4l ^ hlS^itum .i%-l ' ■■ ■•■ ^ ' ■■ ■ '■ » '4k 

f)V ill ;» 

liiitia! llir ■.it«4iiH- *.^i ' ■ ■' ■ ■ '■ ' - .‘.kr-f 

im’tl, UliH rrl..ill*4s 11.4- -k'-- « ■■■ : ■■‘ ■- ■• ■ ■' ■ ' - , r-i! 4 

tlt.\.illv il. *4k 

l1|rtt"Mll%:*»l ^ t!..- % ■: ■ : ■■■■■ - ' ' '-j 

tlir grr.il iiri|wrt4sv* »'■ ■ ■ '.■ . ’' - 

[lllrilllllliil.i* 4lll| ihr- i|isr*4 i; .l-, .< ■: ',.4:;.:, . ..• 

|irtJ|>tirlir»ll 4 l ft» ftir 4^4113^ ^ ' ' ■ ' ■ ■'-• -i ■- - V i%4|f 

iiiiil «illirr.i, iir flirit "• vi'- - - ■? 4 :;■■< ^ * a- - - ■ . ,'4«4t Mt 

lll*iir!y flit »| ■III .li ttvr 4 '4'. V ■.■. '-; '^C^'tMtTi 

wiltitllll Ifl4klir|,^ •r,-.**'.. -4:., ■ ■4' v ,,. ...■ ■ • ■ , 1 . 4. • - , . ,4 

|im««*llt itn"*’|||i||4lSMll nrlCr |iv'^ 

Ulrrr 4 rr iJlfrr ^4 ^ ■^*4‘:4* r .<■•- 4- , ■ v:- r .,r 1 ■ :■•, . ■!.;/* k- ?l|#.' 

ttloillii' -411*1 tfir r;U ■•■‘.■■‘k< , ";, . , ::. ■4!,.r 

tlfl|l*f. Fii:»r ltlr*i<” :r|rl|'l« 4 if«. 4Vk“ ;,.'j-.< ' %• ■' a / -• '4 

in }irt*kiii» iti.il |lir4,' s»i44 .uf •. t n ' - ^ ^,4 . , ’ . ^ 

iiitjiiiry, Oiir i4 |4isr-^ '.’s- ^ -i, ^ ■; a ‘ k: v 

wi%lil?f t4 ii"tii-fcli 4rr 5'^ 41*4 v: 4 ■ . 4 ’: ' ^ ;% 4i»4 

ij frijl«ti'i%'"rjV'-.- it m tr* Im" ?v^ - 4 «■«:■*••■* I k'* «■ . *- i r ’^••4 ’• :, - ; 4.4 4ir|'f| 

sIImIIII fill'* -ill^lillll'’ *4 f 4’ M “J ‘ -fV k'' - ..'•■I.#- ,4.i.i;',| 

Ilf 4l«ifli<' lillilliit'i ^;.4i |w*aiilrHi ^ M ‘ ‘ ^ Ikv^lkfe i«i 

'SlIllIlT^ |l|t*j«i’»l’l| III lll4< llir r-:, t -mi t/ a ' ' t 4 

lti#ill f!l»lf «l rtili4il. ilruittlr till' Ia-s > ih^i 4h,c * I-/ r* ' . a !<*'!« 

ril4llli»tirit ill <l|rill|»<f% lltri ^k- ^ nv.^, kkr |ir#ic> 

fftiliisg jwiwri' III 1^ «its4.ii'i' %. I ,i*« s *4-' ^ ‘ •■ .? '^v,. 1 rkr‘'rr^*t 

;\| iltMilil flir Miiir tsiiir, | } |i -l t 1 " r < .1 

MfTillliiify fill* l|«t|i «' -5'-' : ’ ‘ A'.,", ' .w.i*. fit*' 

rr>iilli» mfmii li4iiii«iiii#r-4 n%ih 4 i*-ir , , 1 ^ « 4 ^ v 

liliksi' fiil|||«| lii4l lltr ||llciis.t..rft ^4. v * 4 . .t *' 1 >4 ^ t kk 
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,i.\|n.M4l ft> i!ir ,i «j| I'ailuiiy \vi*rt* in (lit* Siiint* (irc!t‘r as tlu‘ir at<)nnc 
■vvrik;lU‘*% In Hafkla aiui Satllia'‘s |)ni|M)siti()n. 

Ill fill' pir.-4*rti r^\| »ri'uui’nf t* Ihivt’ liU'asiH'tHl tiu' intc‘nsity of ^'(‘iieral 
■\ railLifimi Itmii iln" l»an .siU'tH*4*Nivt* rUamaits iroiu rolialt, nickel, and 
14 liitiirli i that !!ir\ Iruni all itair metals should |)ass tiu'ough 
r\,ailv llir -Htiur* iliickia-ss til glass ami follow tlu* same path in space, 
flir \ iav built iiu iii .afeil in the figure has been used. 

fa llir shiiilar plates ut quadrant sliafie. one of eat'h of tlu‘ four metals, 
were solelerr’ii to a nu iilar bloek of copper el, whiidi st*rve<l as anticalhode. 
'ITir siiifare ct *iisi-4 mg ut tfie ditlerent medals was carefully turned in a 
iaflie* so that ilii- entire surface maile a gotsi plants lierpendicular t:o the 
a%is «*t a t-irctilar copper n«l H, whkii was rigitlly attached to A, This 
ri«i H colli*! rotate in two cofipcr bearings HH fixed to the glass wall of 
the tiitic, tail could m4 sltfi in the tlirectkm of its Umgth. A small |)iece 



lag. I. 

Ilf Hoft iloii I, bcUiuied ti> H luatle it |rossi!ik* rotate tlm anticathode, 
from III tlie liii>e W’llti all elect If timigfiet, 

A t tiithftulH* ;i little excentrir with the 

.ixsH •<( H. H.. ili.it when .1 w.iH Kirm-tl aniuml itw uxih tii a suitable posi- 
linij, the « ,ithi«lr i.ivs ftitiH it tiiigltl utrike .1 at the iiiitUIle of aay tleHired 
une ..j the l.nti .itt.idraiil*. a« iiulifateci iti the lower figure by a dotted 

ritrite 

1he UtW /• wa^ . ..mteeted to a Langmuir dilTumon pump and a 

prrswiilr gang**' 

the .untie of high p.ienlial. we employed the 42,(KK)-voIt storage 
b.tu, IV brlung.t.g to the lalioratory. The potential across the tube was 
t.iken <s.-ni .» ^int.tble ttmnlM-f of its sections, and carefully kept constant 
dnt.ng uluetv.ttio,, by adjusting a water rheostat wtnnected m senes 
with th.- fills- A sensitive static voltmeter made it easy to detect a 

# I.*.-.. I /s,, , r 
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through the bull) was iilso ki‘|)t (*t>iistaut by a<!jtisiing fhr hrafing c'liri'mi 
of the cathode tilaniiait. 

dlie x-rays coiuing out ot the l)tilb sustaining a •anall an|.,,'lr wifli fhi* 
surface, as indicatcMl b\' a dottt'd liuf in tin* liKUtr unr inra'SU'ril |i\* 
nieatis of an ionizatitai ('liaiulHT <*niitaiuin>: 'N.uura!«'d \a|«aii 
ioclidt' and a Wilson tilttai e!i‘t‘tnKsi*n|)r. I\ut lead -dii-. pined beiut'iii 
the l)u!b and tht‘ ioni/ation cliaiuber defined the solid aiieje nf flu. 
measured x-rays. I'o sec*urt‘ a gotnl ctiustauev iU the va'inmii h’.iI m-Pj. 
tions, the liull) was set up at a ttistama- n| abniif erne nn-iei iitim ijn, 
nearer slit. 

Our oI)ject lieing to eoin|')art‘ the radiation foaii the U*iii siieOil'., iviiti 
one anotlier, observations wta'e taken ha- them in immediat*:' '.ti» i 
at a constant voltage. But a repeiiiiun ut mir linttieiil.ii v.iiiun 
after an interval of about a moiiih gave aliiuea ihe n.inie leai!! 4-^ was 
obtained Ijefore, indicating that the geoiiietneal ii-ldiim-i brUveni ifir 


diflerent parts remained iincliangetl iliniiiK that time 
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Hills \vr* st'v til. if fill' ut tin* intt^usit ii‘s tif tlu* gt‘iu'‘ral x-racliatioii 

|irt iiliiml at ill*’ ■Hiiiir pMit'iiii.il tn- tin* cliftVrrnt luntals an* incli*[)t‘tulcn( 
lit lh«* iwaaiiii.il wifliiii ilia Hauls nf urnu’s, at U*ast for tlu» voltaf^x's ustal, 
aiif! ih.i! lilt' ir-. arr vvvy iumvIv proportioual to the aloniii' nuiu- 

ttii’H. hI flir rlriiuiif s, is fiart ioulaHv t‘vidi‘nt in this (aisi‘ siiua* 

till' iiidiT t»t' till" .iOaiiif i^., uut tlu‘ Sana* as that th' tlu* atomic- 

iitiiiiliri s. lulhavs thr iirdca* of the atomit^ numlHU’s and 

luA ilia! of afiaiia wrirjit'’- 

t '» 1 ’» i.l-.! 1 'i 




tr#» III* •! ilii tt#> Sk'ittNCii, 

V-# K# ». m 4 


O.V THH K SHNIKS OF X^iAYS 
Hv VVH.I.IAM IH'ANK AN'J> WiUIKI.!* STBNSTRAM 
l‘HVNtt.-At. i,AHt>itATtiRv, Uarvaro Univbrhity 
Ci»ii»nunk«»rtl July I, UI2tt 

III thi* rcw’ardi rr{i«nrl«! in this paper the authors have measured 
the ttiive ieiiKths *4 the riiiission line# and that of the critical absorption 
in the K •>eries of tiinusten. In order to obtain as precise values of the 
wave-lengths »s jsewible they employed spectra of the first, second, third, 
fourth and, in mv iiistnuee, the fifth order. 

'llie object of the research h»# Imni to provide data for testing the 
following jKiiiils; (tii 'Hie existence of a third line in the a-group; (b) 
the ■a'pitritlioH of the critical absor|>tion from the line of shortest wave- 
length in the enii*.Hion sjiectnim, namely the y line; (c) the experimental 
and throrrticiil relations Iwtween the variems lines in the K, b, M, etc., 
'wric. b/) the relative intensities of the enilimion lines; and (c) the equa- 
tions for the wave lengths that may lie deduced from theories of the stnic- 
tiire of atoms mid tlie tnrchaiiisin of radiation, 

'Hie X ray s|jretroineter, the generating plant used to oiwrute the X-ray 
tiilw, the instruments for controllinff the evirrent and voltage and the 
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1lii’ tip"* <4 ihr prakn ill tlu'sr ourvfs corresj.H^iid to llie lines in the 
cli*ir*ietrri"4ie X lav It is possible to detennine with certainty 

lirimTrii wliit'li t\vi> of the iTVstal a peak lies, and also about how 

fat Irniit racli it e* ’riiis means that, when llie apparatus is fimctionmi? 
well the i^ia/iii« aiu:le «*l iiiridetice can be estimated to within about 7'^ 
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/»rj.VK .I.VP ^ri 

Ill i'HtiiiiatinK tin* wa\r tir,. **iih tli^M- 

Ik* iisfcl tluil art’ mmh tm ihv ^a!iu* ihitr, lor tlir /r 
niav liavr hliiftwl iH’twrfii llir tii ttir ti 


M0. mm 


Tlie fcillt.i%%’iiig iitlik wiiliiiiw Iftr wii%^r I* oaltiilifril iioiit lii^ 

grtiiifig iiii|lt*^ cif iiiriili»im% i, titil-iitiirtl frt.iiii all tlir nir^raiir 
ttmilM wt liiivi* itiiiclr III litr iif tin* 
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p I7ii:i4 

p . aHtia 

i 

L’limn.i) 


Alt.Hcmi'TlONf 

0 i 7 H:ia 
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0. 17795 
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llir ' 4 "iiiiili tinr III ilir i.iUlr i'lnitaiiis X\w wciglilMl uleuii values of the 
IrDitllr-n i**g:r'ilirr i%ith a rotii^h estiiiiate of the pret'ision of the 
iiiraMirriiiriip*. I 1 ie 4 wmv Iritglh H more clitlUiilt to measure than 
tiir oltirr% imiisg !** llir f*Hi. that the eritieul alisorptiou wave'leujk^th 
lir^ %o Ural it llir larijrt of the X ruv tube alistirhs some of its own rays. 

Ill i*r*lrf lt» r-iiittiaie the ah^tilHlr aeeuntey of the wuveleuKths we must, 
of i 4 % III all WMih lit X rav sjHHira, take ueeotmt of the errors in 

llir iaiie 4 .siitl «4 the rrlleeltiJi^ iTVstal, Tliese appear to add up 

to alw.tiii ii.iiil* , . a '’Mr|»orl mt Ihttu Relating to X -Ray Speetra»“ 

|itilileliri| In- llir \atit*iiat lirsrafrh Cotmeil) 

|»Va ill Miiripiirnou %ve have added, iu the eighth and ninth 

liiirn, ii^rh, llir valitr^* ohtiiiiied Inst year by tlie irmmitioii method 

Jiilv, ji-. b 7 l and thtm* given liy Sieghalm {PhiL 

iltii: , p, imii, %vhieh lie measured by phtit.ttgrapliie nietho-ds. 

I IP immi h,H Iwa^ii itijule in these waveleiigtlis eorre- 

to llir i.iliir Ilf tlir graliiig eoiisiiml of enleiie we use. 

Iii ifidfx ir%l grlirfiil rehilioits Indweeli the wiiveleiigths and also 
lilt till If* 4 I ri|i 4 .itiote. It th eiiinaatieiil to have iit hand llte waive immbers, 
I 4 Ii 4 llir e 1 %^., of the fretiiieneles, e, to the fnndameiitid 

M r ^ . In raleiihtliitg these riitios we have used the 
liiiitlisiirtifai %vavr iititritM*r, ligc; blh 7 .'i 7 , ealtniliilecl fcir heavy 
41 * 411 '. iiMiii tlir fl.iia olitaiiieil by i*iisiheii in the spectra of hydrogen 
4 iitl briiniii I llir Hi III table I rmitiiiiis tile vitliies of l/’X, each divided 
III iif\ .tptl 1 itsi I i llir valtirs of e , riileiiliiteal from our values 

tif X 



i. {>r, K. A. I*«ltlrr*^»ll Wit-;; ^ i , 

cif l!ii*Hi‘ »'**<*A 4 IS \ s.»’. •* -, ■ .. ■ ,r-v‘ 4 h 

t;irgt‘l in t!ir.Ht* ri|rriiiiriit*^ 

It apfmir^ fr«ni t!ir iliita llwi tlir n -• > ^ . i’ i 

tilt* rritiral aliMtijilit»it iltllri mm% r4.l1 .ali.-i . ,s : 

the K f^eiir-* s|rt1iiiiit «»l ili*-«liiiiti ^ t 

*illil| the Iwfi mwe liiiitli-^ ilillrf it%m% c.i 4 i II 

we atltipi l!ir lliritry tif rlrr'lit^ii^ iis 4i.-ar.s. ■.*.!' , ,%%t 

pliiitl tills tliffrrrfitT in mii%Y-lriiglli m 1 . i|ir,^fi. 

the erilieiil iiliiiiirjilinii ffrtjtiriir% r«|«4i%- ilir -*4 vstci,-. tr«|iiif^*j 

tci cwry flit elerlfiiii Irtiiii ilie R mh%i m-iiI i** iltr .4 i|,# M*m% 

divitW by l%iirk's Ii Tlir 4 km n *iu* 1.^ Ullm^ 

into the vitetindes in tlir 1 C i^bil s»tbn% thM %%r mm 

eltiHs tngrllier iiitl riill tlir M llir -4 nirt'i^’-v '»i firr 

mid racliiilt*d ctiiriiii mw tif ilirw timrdrf'^ *4 mn n 1I1.111 i|«r 

liiiiiiiiiil Ilf energy rrijiiiri’sl to tifl itir -all ilic tlir E 

cirbil til Itir |m»riplirry of lltr ihr it %%.■■% >.4 ikc % u\ 

eiiiittfii diiriiin llir Ifiittulrr ri|ii 4 ib tln^ 4m%4r4 h% it 

thill the frtniieiiry iiiiM, In* km tlimi lliai ilir a! #iiii 

ilierrfcire, its wawdetiilli grrnirf lliiiii ilwt «4 iW 
lltr t litlt* prtltlillly milipir*, ailtl tlir mmw Irti^’tli wc ni*|%t 

bi* a kind trf cTiitrr tif %fm4lv t4 llir wavr .4 ii 

In the nnlrr i»|ii*rtiiitfi iiig, |i 4 dtr^i m tlir ^niir 4 I 

a wrtaiii {miiit iiimkrtl "a Tk%^ ii.ii lur-h^i;^: k wiirt *4 

Uiiigstrii. It frprrwiiN llir niliml «4 ir#|iiir m ibr iit%i 

K|ii*etniiin till* wii%*r Irtiglli ol wlinli ir * |«i ^ *111 IVr ii.nril 

iiietliylkalitle tii Ittr immMkm rlimiiliri *4 tlir %|ir4'l|t4fic in 

Ih II rewari’li {lvw*ri»inl in lltr /%*!«- 1.4 |«iSv i‘»H» j* «»?, 
Mr. ShiiiiiKi) itntl tutr a ti«* i 4 ttdiitr(l r.|irtiiiwi»is*l »|r«»iWjj 

lltui lltr tUflPrmttv lirlwrrii lltr Iv 4 l*' 5 *«t|i(ijE«.n lir«|«sris(i % 4it|’ 

tMir oC lltr I, ttllk'd frrtjitwirtr* Cf|tlaH lltr % *'4 tW 

<»r thr ritiMtitt lint?* in ihr K *««•% 11 ir.,irii. *Sh il*»® 
mrt tt» !*• rxin'l, if iwMIa in wmr «*( llir sii»«tn» j»ir rtlt|ifii< st i»m«| nt 
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Tin «.ivr niiiultri . Ui Uu- Ihri'i- critu-al uhsorptions in tlic I, series of 

Hiiii:' 4 ni ,ifr 

l..t > 1 l.a, iM.ia-j:! * 4 I,U;, = ().()7()li =*= :i(), 

..nil imillijilu.i in In', SulttriietiuK these from the eritical ahsorjjtion 
tt.tvr numiM i m the K M-ries an,l e«.i}iimriiiK the tiiffereiiees with the wave- 

ilt!llil*rr^ i»t tiir ilirrr a ritii^%iun liiU’s \%x* 


t.'X X Itl ^ 


K.4 

1 4. 1 

7m fMI0:i 

K«i 

tJUHK 

b 0.00 1 


-1 

fM otmi 

Kcifi ^ 

« 4.11858 ^ 

O.CKK)7 

K4 

ba; -1 

^ IIIMW 

btti ' 

- 4.05 

0.02 


It I lull III riiilt mm* X\w «iitTt*renee lietween the K critical ab- 

miivr iiiiitiiicr iiiiif tine rif the critical absarptioii wave-numberH 
rtjtiiiK l!ir iiiiittlM*r t»f iitie i»f the m einiHsitin lines to within the limits 
i»l errur *4 tlir inriisiirritimts. This iiKrces with the results obtained 
lii%l vr»if. li lltr aliove iiieiitioneii effect due to elliptic orbits exists 
ill iiib It III tn.^ tiK* ,?^ftia!l lf-> delect, with our prescmt methods of 

itirii.Hiitriiiriii*., Ill atoiiH of m high mi litoiiiic miml>er us tliat of tungsten, 

Tlir of ilir third fatiit line, m, and the agreement of its wave* 

itiiiiitrr llir itillrmicr Iwlween the Ka and lain wavemumbers is 
a jtoiitl of Itirtireliral interest, According to SommerfeUrs tlieory 
of rllifilir rif1tii*% llir line is line to the transfer of an electron from the 
I. iirliit to tlir 1C orliil, if the b orbit is ctrcnilar, and the Kii*i line is due to 
it ^ititiliir Iraiedrr* it itir I, orbit is elliptic, Tlte difference between the 
Wiivr iiiifiilirf-i of IC„«s iiiift cidciiliited from the formulas lie gives 
iAlimilmt ^ixkfMinmu chiipter 5) iiinounts to tKl072 X lb^ and 
fills agirr% well i%il}i oiir exj'ierliiienltl vitlite for the same difference, 
nm'm4%\ !!■. UM'i .k III*, There iip|mirs to Im no exjdaniition on this theory 
for llir iliinl r-riiiral ab^irplittii, bua, in the I# si*ries, nor for the third 
line in tlir E riiiisstint stories. It would seem to be necessary to as- 
•aiiiir Ihrir afr at lra*«l two L orbits. 

11it‘ im^xk toirrsjioiiiliiig to Km seents to be quite well marked on the 
infirm irjirrfU’iiiiiig ^jirclru of higher order than the first, eipeeitlly on 
Iluii ir|itr*i«4iting tlir fourth order. The line k very faint, having only 
^ « *4 llir iiitriiMly of the line. 

Tlir K a litir 1% ^lijijswl to lit due lo electrons fitlling from tlie M orbit 
o.f ml*# thr K orbit. We can not test the iilirive frequency differ- 

riur Im III ttio4 raw iliirrtly. for the tsritical absorption frequencies have 
m»i iiir^i%oird III tlir M ^rie« of lungslem Hr. Blenstrclm, however, 
lt 4 H i4rtri%r4 tlitrr niiirai aiisiir|ilioii wnvedeiigths in the M series of 
4iol Hr has nteaiured iiImo the wavedengths of emk- 

«4*€i fiiti-. Ill llir M mmm of uranium, thoriiiiii anti tungsten. Since 
tlir rrliitivr uf the t^lliral abmwptioii and cc^rtain of the emission 


4H4 
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clieinictil cleiiiciits, wt‘ r:iii estiniatc a|ipr«*xiiiialr!\‘ ivlirir tln" 
ubscirptum 'wave lengths He in tile M M'lie-* t>! liini;-‘4rii ’Xl.ilaiii; ilii% 
estimate, and ealculating the thiee erilieal u.i%r iiiinilif'is 

we obtain the folhaving \*a!iies, eai’h nuiltiplieil In 

Mill ti.l.Vi Ma-i U.i.V; Ml. 

vSiilnraeting these frt»ni the K abMiiptiMn wa% e inimbn , ,.itiil iin; 

the diflerenees with the Kd tiiiisHioii wa%f* nr r-rt 


ICa 

Ktai 

a MU 


Kii ■ 

hUh 

A 4.VJ 

K 

Ka ■ 

■ Mio ^ 

:» l.'ii 



CJne of the ditTereiiers iHd.weni absoi|iii«*ii w,n r istiiiibri ;|\4 \|4s 

lies very tiose to that th the Kd line^ I'hi’^ ^4iinw-4‘. that ihr KA liiir r* 
due eliiefly to electrons falling innn tlir third M »*ibii o* ihr n nilrii. 
If electrons also fell fniiii the sr*t'oiifl M oiliit t«* thr K oiliii i|ir^ iiKinfil 
produce a line on tlic sliorl wave tcnidli "ulr *4 thr |*fniii| 4 r K 4 liiir, 
luiilit lines on the shurl wave Iriigtli ^adc*** *4 ih*' K. a‘ htir‘. lem- Iw-rii ».»ti 
servetl in the s|H*etra «»! a fe'iv o| the chniieMl rlrnirit!'* *»! lr»i.% .iiMinir 
number by Mr, Iljaliiiar working ui IhoirvMn .SirKbahn''i 
The Heparatioii of tlieM* components oi the K a hur itom r.irh *aliri .itieaiiiin 
to It small fniclioit of 1 % , 

Accortting tfi RulHiiowitY’ ‘ihiuriplr *-4 .’srln leai'' tiaicarj'. rlrr' 
Irons from the first M orbit to the K oihu onghi mu Im m ' 

The faint cotn}ioiietit Ilia! has hern ohManrd In ^ir^bahtiy 4r 
itiid Iljalmar on the long wa%a^ length *adr rU thr Ka Imr sn ihr '.|w;*ti 4 14 
a few of the clieinica! elriiirnts w;e^. pir«h* trd In .N-^aintirtiriU' 
from his llieory of elli|ilii* orbits. 

ThefU.» components of tlie K(i line may arr*.aitil iKa «4 ilir $#i' 1,4,41 

liirities in the 0 faniks on mir riiin-r** ihg^* ;* ami :h 

%Soiiie yenrs ago Ros'*d siiggr*4,rd that the diltririer Iwiwrcii tlir iir 
qtieiicies (or wim^ iniiiilausl of the KA ami Kri Imr--. deaihl C4114I iliai *4 
It. line in the I. series, it i.^ %vrll known ihai the^^ trbiieas. .ip 

proxiitiiitely triiCi is iiol t|tiite p%mA. An rvplaiiaieai ha ibi-; 4r.* trp.oe'i 

iiiiiy Im* foiiiit! ill the siipfiosiiiiiii that thr rlc«. loar-: |,*o«l4eiinf <lsr Evi 
line itiny iiol roiiic front thr siiiiie M iht^^.-r pf*»^hi. 10 ,; ihr | .4 4 ssii 

l,/l liftcsJ Jlc 14, A, batlrf^iii iiiiilsrair *4 il'i. ptr%<iil«4 f.i 

Aiiirriritit fliysical ***vnrlv an itrrotitii isit r%|»i’iiiis«-r 4 0 . ‘a L ob 
tliiit file wave itiiiiilMUA of the fati. amt I.Jb intr- ^4 %nMuntn .md ih a 
illlll etpial the ilillrmirrs laUWTrii rrilatii *4 llir I and \| « iUj. .iI 
tioil wave llllltilirrs. Tlirsr rrllitiofSs tliai r%|.arvtrd b*. lL*' l-f?* V 
cnuatiofis: 

f#ai Mtti Ltfii bill Mil? ■''" bt#j t.'Si 1,4, 

In leriiis of llit* tr'iiiisirr #|( rlrrtftsn^ IjtUweeii ihc'ir inr^n 
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lli4t tlir *iiitl l.tij Uur^ aiv thu* ttt eltH'ircnis from tlie Mi 

aiitl M- iii!*» I, uhrrvas \vt* inferred ul)ove tha.t the K(3 line 

iv 4 -> *tiio lit rlriifuiin iallin|» fnim the Mu orl)it into the K orlnt. 

A liiii.h ioi tins explanaticai may be obtained us follows: 

tlir iliirr t*i|iiuli«*ns and the three e([tiatio!is re|)resentin|^ the 

11 ‘‘ **l |i!t«lueun; the Ku uiui Kd lines, namely 

'tCa 1 > 4 ; lv*is Ka Ro- and Ka • • Ma.i Kd, 

ttr K'f't tlir- ri|ii,il a »ll-‘ 

Ko \hu and Rna i* bdi ■ ■■ Rd - Mua - ■’ Ma->, 

I1ir Irll liaiid iiiriiiltri-. ol these equations have the values and 

ii.iidU, rr^qirr'Uvrlv, |ta The right diund members, which are the 

dtilrmn'r*^ liriwrrii qiiatilities titat We have estimatetl by extra|)olation, 
have lltr vatiir''* lldtt aiit! 11,1.120, respeetively. Thesi* small differences are of 
tile ‘liiiiir ofitef «4 iiiagitiliule, %v!tie!i iiidieales that iheexplanatumisapproxi« 
iiuilrlv rurinl \Vr iine4 reineiuber, htnvever, that the M series is prob- 
abh' iiaar I'laiijilir-iitril ilian we have stq)p<iseti. There are reasons for 
lirlie% iiig. tr*t iir4,iiirt% l!iat auotlter critical absorption exists, (»f slightly 
lllgin lliall M.l; 

The ■‘4*ri.lriii}Hirr InrnMies ns a metliotl <»f approximately 

Ihi- trhilivr tnlrmtXy of the lines in X 'ray speetra. At jjres- 
nil, Iiitwnri 4 wr 4ir not able to enrreet for the eliange with wavedength 
m llir ab’niii|'*iiMii Ilf the lavs !»y tlie target, the glass walls tif tlie X-ray 
liiitr and iniii/alioii ihaiiiber, the refleeting crystal, etc, Nor do we know 
rvarllv how thr coidliiirfil of letlertion of the crystal varies with the wave- 
Iriiglli it f'- not iheiehire. to compare spectral lines that dilTer 

vm iiiiirh I'roiii raidi oilier in waw length, 

U% f-‘4iiiialiiig Itir tieighls of the peaks cor respt Hiding to the lines of 
ihr K nriir*'^ lii llir ■qma'tf'a of the lirM, seeoml, third and fourth orders 
ivr- lia%a* arnvril ,ii the lollowiitg nitinlHn’s representing approximately their 

rrlvitivi' liilrie-aiir^* 

laiir . . *0 m d V 

|,iiri»alv ’I I'l 

il iiiirrr' 4 ,iiig to iioir Uiul, i( W’e iipplv *^itiiiiterlcddN theory of the 
irlainr liiiriiMii of lilirs lAtoiitliiiii itiwl Hpektridliiiien, chapter fl) to 
ibr « aifil *0 wr gel riflier d : 2, or 2 : b as tlie ratio of their in- 

iricalir*. iti!! r^iHOiiiinils fnvor the lalter ratio, 

III aii adiltr'.H itrli%'rfrtl at the 8 l Louis lueetiiig of the Americaii As- 
oa thr Adi’aitrriiieni of Sideiiet% last I fceemlier ^ (see Sciemr, 
^tai 2L rt.Si. p 'lii.'o one of iis prrseitted ii si*l of ciileulatiouH of the K 
iiiiiral atr.*a|ffe«ii Itrqiieiidrs for a iiiiiitlw of elietiiiciil elements, The 
c.*|itil 4 fit 4 r. wrir basril oil llolirN t!te«iry% with the aclditiomil assumption 
ihni llir rlri.iioiis merr ilistrtliiitrd ainoitg tile orliits in much tlie same way 



^ i*ii i ‘5/ ( i>i \ \ X E r I ,V I ^ >' ! 1’ X ^ I E^ KM I ' ^ \ I % 

as they are (list ribii fed in the layers and shells u! ilie t( wi'. 

static atom. 'I'he ratio, e •'s® . of the K eritie.d .disMrpti.iit HisjMrnev 

for tungsten to the Rydberg fundamental fretiuetua t-. >1 Is .i. • ..j.biut i<> 

the theory, which is exactly our exjaTtmeiita! dm n i.d.l. I i hi- 

agreement to four figures between the two v.due-- inn t !«■ feijaidrd us u 
matter of chance, however, us the errors in l«*lh the i sjh inm-ut.d iml 
culated numlH'rs amount ttt a fraction of I' i ■ 

^ Stmiiititrft'Icr.M jm|H*r tsii ilir tiiir ’Hlryrtiifr «»f llit’ | 

June 1» 11118- (mi?)}. 

^ Professor SieglMihii khiclly eniiiiiiiiiiiritlrd itirsr !.»%“ Iritn 

3 Pkysik Zs., li, 11118 (441, 4ll^i. 

^ Pk$i Miif., jtme, iinii mn), 
s V^mpifs Remirn, Urn *i4 n*i4;*P 

® Sits. ikr. Mtiyr, AM. Jiiiir, 

^ Since this expkniitkin wm presrnleil to thr Plt%'%irsil m 

l»y W, Ko»el anil A, Soinnicrfcltl (Zmlukrifi Pkvtik, Im , IWX*- liacr tri*»"|ir*l «>, 
In tliese pafrers the siimr ex|»lniiatit*ii for Itir *li%c*r|r4ii«''V h tiui lifir imi 

forward* 
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A’nlivul ;ihs(.|jiti(*u vvavi- IfiiKths associated with the 
!, M f ie% of X tav . luive Jift jj measmed hy li Wajcner' and M. de Broglie.® 
'ritese seiiasle.l'. Slave inve*.ligaled the s|H-otra of ten of the chem- 
ie.it etemeiil ftom lu!iK**teii to ttnutium, both inehisive. Iwieh employed a 
photogiaphie X t.ii Njwetioineter with u ria'ksult crystal. M. de Broglie 
fouiiil two I'titiiMl iil»soi|ttioii wave-lengths ehuracteristic of each chem- 
ical eleinent except, in the caw of inercnry, for which he gives only one. 
lM,r bismulh. fhoiiuni anil uranium he found a thiril, weak band. 

Ill the iinediiialion refiorted in this note we employed an ionization 
spectrometer lAilh a calcite crystal. We found three critical absorption 
wave lengths ehai.irteristie of each of tlie nine elements examined. 

A brief discussion of the iM-aring of this new data on certain empirical 
laws iuul on recent theories of the mechanism of X rarUation may be fonml 
iti the conchiding paragraphs. 

.Xf'pifttHii •tthl MiihtHi «i/ ,\fctiAiiri»ic«/. A detailed description of the 
iiaii/ation sjwcttonn tei and the inethiKl of using it .so as to obviate certain 
errors of nieasniunetil has iwen given in previous articles.® These arti- 
cles also th'sirdie the plant for genenitiug ami ntutroUing the X radiation. 
Two X tiiv itdws have Itreit eHiploytnl, each etjnipjied with a Ctxilidge 
catlwHlr and with a thin glass windoiv blown in a side arm. One of these 
tnlK's containril a tungsten and the other a molylHlenttm target. The 
rairrrnt exciting the inlies cnnic frmii a high tension storage battery. 
The ionii'.ation chamSwr isiiituimsl ethyl-bromide or methyl-UKlide, and 
soinetiitirs a mixlnre of Isith. 

In nwastiimg a nilicid absorpliim wave length we place a tliin sheet of 
the I hrinn id rh inent to la* invesligatetl (or of a salt containing it) in the 
path of the lieatn of rays lietwern the X-ray tiila* ami the first slit of the 
sjrrttoniein \Vc then measure the ionizatKai currents for a series of 
lawiuons of ifir cfvstal corresptmdiiig to wavelengths in the neighbor- 
h*«»»l of fill critical values. l*r»nn these measurements we platt curves 
represi'iiting the loni/atioii euwiit as a ftmetion of the crystal table angle 
Isei* tigs I and -’I M a critical absorirtiim jHiint a sharf) drop appears 
on the ciuu , indicating that X-rays of sliorter wave-length than the 
Utliud v.dM» air atisoilird by the chemind element to a greater extent 
than X lavs .d longer wavcieiigth. For the two strimgest absorption 
tiands chat 4* Irrisin of each clement we have obtained the curves on Imth 
»iih*s of the nysial table iiero. The angular distamv lietween the mid- 
points on two cm re sjw aiding drops gives u* twice the glancing angle, 
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iiitiii wliii'h Wf riti!i|nitf thf wavf Ivjigtli, X, by nioaiis of the iisiiul formula 

X 2./ X sin B, 

wlu-te ./ i-. tin lu-tweeii tile refleetin>j planes of the crystal. The 

v;luficim; an«le foi the thiril ami weakest absorption band has been esti- 
mated bv e.ut lid et ttnpai isoii with the neitthboriii}; stroiij^er absorption 
drop old. lined in the ■.ante series of readings. 

Ihtiit I ‘ffim-x.' table I I'ontaius the results of our measurements, 
b'ur pmjio.es of eoiujiarison we include also the wave lengths given by 
Waguet * and de Uiogiie. ” 'Hie angular lireadths of the drojis vary from 

X-RAY ABSORPTION SPECTRA 
L SERIES 



GLANCING ANGLES 

1 

MERCURY 

THALLIUM 


r IS* MB* 

a, 7*39' IS" 

C a? 

7 * 54* 40* 

a, 7* 38’ SS" 

K 

1 


9: 

MERCURY 'X.-XN. a A 

!» 




1 THAIEIUM a. 

1 

K. M 



5 


lo. 







ij* 

$!• 


crystal 

TABLE ANGLE 
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tlirrr 

|ti Irii iiiisiiitr^ iif 

aeeording to eireumstauiH's, ami we Iwlieve 


that we call rstimate the juisitions of their centres to within ten to thirty 
-.reond'*, dejw tiding tijmn the iiuigiiitiides of the drojw aiul the regularity 
.4 the nil M i t'oiiMderatiotis of this kind have given ns the estimates 
.4 till areiiiioa «4 emh nieiisiiremeiit reeordetl In the table. 

/v*« l.ifn< l*.< 0 / hmis^itui and Ahmtptum Witn' leiiatlns. In the 

.ntnle ti lined to alune’ the authors have ealled attention to the fact 
that m I hr > aM- oj iitiigsten tn) the alrsorptimi wave length, «», is slightly 
dnati » than ihiit of the highest frequeiiey enitssion line of the U series, 
mimeU, 'M, d I the idisorjilion wave length, Hk, is a large fraetion of one 
ja r eriil li<ngi » lli.ifi that of the einisswni line, 7 *; and G ) the absorjition 
W 4 % e h iHdlt. . 4 ., Is a large fraetion of tme jwr cent longer than the emission 
Imr, 4 . I'ln im asiireiiients on whteh these tsmehisions were based were 
ninfle mull I the '.anie rsjwriinental csmdilions for both the eniksion and 
the ahwirptioii hrms. We have not mcasuretl the L ^ries of emission 
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lines f<»r chemical elenieiils oi liiKher atumii'- iniiuhri-. ilcni ili,.ii i*i iiifiij^inj 
with cnir spectnaneier. lieiice we caiiian make a ilitei-i »■* iiii|i.tt imhi fir 
Iweeti eniissit^i and afistn’ption wa%-e leiigtic* Jthlaiiird liiidi’f flu* ‘Hiiiir 
experinieiita! conciitkais ft>r tliese ehaiieiit">. li wr take tin,- 
recorded l)y Sieghahii and hViiitaiid find that ^4 i»iii \ aliir |ti| ||||. 
cd)scrpticn wave-length, /aij, is slmrlet than that m| ihr fiitisMiifi lnn.^ 
for each element and that the ttiUVreiice hrlw-rm thr !«».» '.Inditlv 

with the atomic iiimiher: onr ^silne lor fla* ah^^npl i«»ti ■l■l.nr 
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/aif» m liniger tfiaii Ifiiit nf llir liiir* tmi 

ilicrt,er tm llit #tter tltitittili- tei mr witir itir 
lattfth, Imu ii iKipr tl«i lial M lilt liiif, 

and thalUwni, tnit shorter f«r idatiniim awl i J.r j. ;.* 

tkwis of thfK and nhnitirptiun liw» !#»• Inr I •- H t* -^/ft 

sidcmWe the««tlcaJ impintance,* *i«l tlii* MiUirri «uii .u%«-.w4 
greater hngth in a future nolr, 

r/ff Waw-tmj(thf at l-umlmm af lb* .Ifcaas, „i ti» 

laws wwinertwif X--r«y waw-tanght* with earh miIwi. miHl I Ilf ‘ 

numliers trf the ebewtal elwnmia nwy iw e«i»rr»wd 
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tj| llir ifiivr I,. X,f»rtif the mtiosof the frequencies of vibration to 

till' itiiitliiiiiiiiliit frequency for heavy atoms. In his classical 

itiritiosr?^ mi tlir ic*ivr lesigtlis of characteristic X-rays Moseley called at- 
t.riitioii t«» tile iart the st|uare root <»f the wave-number (or frequency) 
III ;i liiir ill flit' X-rav s|H.Hqrtiiii of an element is very nearly a linear func- 
tion ol alMSiiii* iiiiiiilier. 'I'o test this relation in the case of critical 

TAtllJi a 

i’isiriiMt. WAVii^NuMiiiiRH, I, Siuoiih or X-Kays 

VAliirH «if i/K and of VT/X 


1 1 

1 

Mftmtr 

l/X 

Via 

IlIWItltlNCSIS 



Lm 



Tl 

0 Kl*.Ut*l 

OMI77 


IliiliilllPi ? 

TM 

u a:Mi 


0.0147*-! 

Ck4«l i 

Tii 

0 WKU *:i 

0 0814 

i).m4i)*:i 

Xlrirllt%’ j 

mt 

u 

o.nami 

0.0152*4 


m 

i 

i.mi4 

0.0148*4 

Lmtl 1 

Hi 

i ora«.ta 

1 xnm 

0.0148*0 

j 

mi 

t 

i.miT 

o.oir>5*:i 

Yliofliiiii i 

mi 

i nuw *r» 

1 . 147:1 

0.0151*1 

ri'rtiiiiiw ^ 

Id 

1 

l . 1774 

0.0151*3 

i 


0 

i\M\m 

0.0170*1 


'*^14 


l 4X1 A8 

Vmkl 


t 

1 .OAIH 

0.0187*4 

Xlriviiii’ 

j lii 

« MW *4 

1.0721 

0.0176*4 

Yliiiittiiii 

I 


1 tmol 

0.0180*6 

Uml 

! Id 

1 

1 , 1088 

0.0187*5 


mi 

1 

1J271 

0.0182*5 


mi 

1 »h>k*h 

l.2tU8 

0.0U)2*l 

1 <'411111111 

mj 

l iWaK^K 

1 .2imi 

Km 

o,oin3*:i 


! 

u u77+:i 

0JI88 

0 1)182 t o 

rirtiiiwiii 

1 ;'i4 

1 

1 OflOO 

1 


1 na ♦ 1 

1 0780 

0 0171 <11 

Xlrii III V 

1 ml 

« iW*l 

1 mim 

0 0174 t 11 


} m 

1 242 

1.1142 

tl. 0180 *15 


i Id 

l 2*Bl»-2 

1 . 1:120 

0.0178 *■!« 


■« 

4 m 

1 32«»’J 

t . If4*3 

O.Om'l*!.'! 

'1 liifliilWI 


1 

1 ,mi 

0.0102 ^ 2 

1 't 

1 

1 ! 7,^*2 

1 

ti.0200*7 


a,ii4 we IJilve eulwanletl the wwvc-uin«lifrH and the square 
i4 tJir w.i^e f«r all wjr values. Column U, in Table 2, 

the wave iimulieM iiml Column 4 their s«iuare roots. In Coluinn 
fi wr lone tabulated the liH*rea*in the value of Vi/X iK*r unit inenjase m 
ih. ..t.ame wnnlrr. It amiears that these difTerenees do not vary from 
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the averag’e values nf the clillereiiees iit lluir iirirtilH.ite*--*! In 
the estiimated emirs, exeepi in tnw m tw** iMm--,. In n-f,| , |i|,. 

V i/’X way lie reprrseiiteil as a hiniii»»u **l Ihr at^uiiiv ! In, ,, ^n.u4lt 

curve, fmm which the tiitliviiliia! valitr^ *l«» ii**f iliili i h- |t|, 

experiinenta] eiTurs. In fJie easr mI ita- ahnaple^u U.iiul . : \\n , fui^r 

(lilTers a small amtniiit from a str4i7hl litir- In thr . .t . . ,4 ip,. 

Ijh, aiicl /..iia, lanvex’er, llir ilrparliiiV'^ ir*»m ihr Ah lirn ! 4^ .ipp. 

In lie iiitidi yrealrr. A u*iy tmtch nu 4 v pr-ieaim..! ..n!.iti,,jj 
the linear law lias heeii imteit in llir e-.e.r- oi ihr nfits, .P 4ln...i|i||,,|| 
i|ueiit*ies assiHialed walli the h *»i X tA%-P' Ihr^r' drpai iiitr". 

frciiti the stmiglif line hue have iM'rii .e.i'iiht-:l t'liv u-t.iU- » li.iie;r 1*1 
mass with vehieily **1 tlie eletiri»it'. e«^iifir* foi willi tia- ifn.. 

X rays. 

The fact lliiit the \siliirH ni \i y «|*.i n*a shin i ii^^n a ninvr 

law hy irmre lliaii llir iiiitieatr»l *4 ii.r.iMifrsiirjs^ th.a i,,|||- 

estimates nf aeciiraev .ate wihslatitialh emtint 

The Helatiini iHUveeii Ihe I*j»m 45 ce h -,-? ?■ n- .p.,;- p 

been hniml hy rxj»rriiiitiil that the *hflriTiHr i!vs' Mite.il .iP 

surplinii \vavr 'iiiimba* *4 the k %rtir-. .m*l ^m- .a tin- .isr;.4|ai,*|| 

wave'lillllihrrs nf llir /. series r*|m4l^ the faiinh.rf .4 ..tir ^4 tin: ,1 

lines ill the l\ series In within Ihr ' i ^ 4 

jierfnriiietf millt the X 'rav sj^'iiiiini ^4 tmi^’Arn \: t!«-- * u.. v. 4.r 
leilglfis ill the K series iuirr iii 4 hmi iiir,eaiir 4 Va 4I ^hsHrsii-, 

liiglier atriinir iiiiiiiba''s thmi itial *4 liiny^icn.. ^v*' n -a 

lietwwii the K anil /. ‘♦riirs im Ihr iwAXtn ricnii isi*. r , 
lm\% liciwrver. in the ease t 4 the I mt 4 M *; .4 ili-neiti mi4 mmmm. 
ft>r liere all llie ilaia iii-iiilahlr 1 '‘lir -^4 S'lrrhaisn ainl 

Friiiiiiii'^ eiiiitaiii llir niiNsr-iit iravr m the 4 ,mi.l sicn 

iIrtillF lilts fiiriiSlirril llirrr aleairpf nm hippiv. r 4 M -nsf, p,| 

riirii Ilf them* Iwii rlriiiriits,. IXin^ * 4 it %hf ! %^tr 

Iriigllis wr liiivr rtiiiniilril Ifir irMrnmm 

Um»MUm llriwee^ rsi. % -%$: Sn 

I, VI 
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thi> (i.ita uluiif, thiTi* is somv <|iu‘sti()H as to whether the 
»'iui>‘.iuu hoe / ,t, helonKN lt> tile alwttrption difTerence I.ai Mai or to 

/..I., M,i,. 

\«* eini-.- it.« hm-. hast- hceii oltserveil in the siieetniui of either thorium 
01 uranium th.il • to liie other iihsorptiun difTerences eontuined 

ill tllr Ivililr, 

I'liiir rnii’’»’4Mti liiirs It.ur !irr!i iVniiul l)y SieglHihn and Frinuin In the 
.H|irrtf'»i lit ihtiiiiiiii atnl iirauiliiti in utUlilitin Uj those contained in 
iiiir lal»lr .1, iiaiitrlv* l.ih.ii, ami The way in wliicli the frequencies 
lif lilt* liiir% lor iliilVnati tiieiiiica! elements vary with their atomic nuni- 
tiers* ami llir lesrai'clies of Wrhsler and Clark^*-^ on the voltages required 
111 jifttiliii'r llir lines in ilir sjieetrnin of platininn indicate that I and ft 
lirhaq: to llir saiiir X fay i^roiiji as and and tlierefore also to tlie 
alo*i| jiiimi I.Ui. Siiiiilaiiya heUmgs hi the alisorption I.Ah. If these 
lilies iilii'-v llir lirt|iiriirv tliflereiiee law, there must Ih‘ critical absorption 
%ea\r liit.^llis at 'X 2. ’17 :< til * cm. ami at X - 2 . 2 M X ICl cm, for 
ilpuiiiiii ami tiiaiiiiiin, rcs{Haiively, to correspcmd with the emission 
liiir I. Tlirnr U4%'r Instils he within the range of possilile measure- 
innil'N, lint the ‘ipertiiim in their neighborhood lias not been exatnined 
for laitiral 4li'.*»ndi**m Similarly, titere shouhl be critical atisorption 
%vavr IriigtliH at X t*c2 X ^ cm. (or thorium ami at X X 

If'i * ciii. ior tiraiiiiim h» r'orrespond willi the emission lines ftj and 71. 
Tlirsr i%'4%r Iriigtiis, liowrvcr, tic la^voiid llu* range of wavedengths that 
i"riit III- iiirasiii'ril at jircHriil liv inciius of crystal H|H*ctrometerH. 

Il is %i,rll kiiottii Ilia! tIohrX theory of nulbtion cxplainH very simply 
llir aliovr rrliilitiii liriwrrn eittisshin ami ubsorpt ion waveuiumtiers. 
Tlir irlaltoii, Imwrrrr, slirinid not \w alisoliilely exact, if, as Soiumerfeld 
of llic aloins roiitaiii M orbits t,hat are elliptic, and other 
afoiim of tlir rlieitiical cleiiieiti coiitnin M' orbits that are circular. 

Ill thii C4%r the L at 1*4 n pi ii in drops slttiiiM have a complex structure. We 
li*t%r ii*#t Ircii iibir to tiliwrve siieli it sirttclure in tlie drops on our curves, 
ainl t!ir rfirrt iiiiist Iw rxcrediligty sitittll, if it exits at alL 

li*i%r Iwii dr%*rlo|ied liy Ettbliicwierd*^ and Ilolir," according 
to mliirls ftniedVrs *4 rleiiroiis lielwwn tx^rtnln piiiri of orbits einmot 
t:ikr pliirrd^ If me apply them* llieorte« to the ditlti eonliiitieri in Talik «!, 
wr liiiil lliai mvofdiiig to llieoriti ilit transfers repremmted by Mar-lMi 
and dl.i, l.oj irmr. a nmtter of fact, the corresponding linej, 

t#i Iiiiii ilu air tlir slfcaigr^t liiifs in tilt L mtim. According to Rubi- 
llirof\ llir liaiisftr Alar-I^i sltmild immr, but according to 
llolit^, liirori’ if dioiihl iinltsii tlie tlmii is in a ftcM of force. The 
tsiirr%tw*iit!iiig i#n hm littii ol^rval, but ii relatively very faint, 

Acrofiliiig to Itieitrirsi tilt transfer MurlMi slimiM not occurs and, 

ui iiiitrd l!ir ex|irriiiifftl» do not iiiiicalt cxaicksively whether the 

line ft to llib or not. Itotli thewies allow the transfer 
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Mar Lau but lu. liiu' a.m-spuiulins to it h.i-, l.«ii .<1. i-...! rh,. u.m- 4 vt 
Max'Lch «in (imtr iimtrtlm}; to Ktibiii.nu. /'. but 11..1 .u , 

to Bohr’s, and tlim- is no Hnr to .■oMt spund with it ! h.- ..th, , 
fers, involving /.n?. an- not i-ovt-rnl hv th,- th.-.-t. i..i o .!■« , n..! 
present form im-hule a third / orbit 

Smmwrjdd's l.-lhiMd Tluviv. S.nim.itrld h.i. « ,.ui ,,)i «, 

teresting theory of the splitting up "f »»«■ ^ • »'« ■ mt . di to,* i p 
the /. series doublet. An saromit ..j hi*, n m o, b. i lu.d in )i|.. 

biHik, Atomlian umi SiH-ktrullinien, fhapt.* A....„hm; i.. tin. i|,r,.,v 

the. difference in frequency Ac iH-twcen the two puii . ..j ih. , ,41,. ,j,„. 

to the differetuT lH*twecn the emrgiis oj ele. tion* ii.»i.lhn.; nt .jonUi 
orbits and of electrons truveliinK hi elliplu- ojint . . .0. .np 

posed to have circular /. orlwls, and oihi t <»i th» i»s, . htuneai 

element, elliptic 1 . orbits. The general eqiMii-n :'s ,n ih. .h tpin re 
ferred to, for the difference. Ac. in wave muid- r. ir.bt. . t., 
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and H, a correction icnn due to the uilbitn.e ..t 0* q;lit» rmj., . Irrn„,,„ 
the atom. Sonuncrfeld has testr«l his ihr..n t»*. m. .,0 = . s ih. *vave 
numljer dtfferentvs iH-tweeii eeflam rnu.M»n bar- o, «b. .j«^. it ,. ,4 i^jral 
many chetnknil eleim-iils, and has dedined It. an the; «t.»» . thr vjtho n ^ 
d.tHl. AUholigh there is wane dilTiiadti in i*«,' thr-; s\»htr t 4 

the coiwtiHit, n. we have Used it to test the jMtmnh* b-- oo- .4 .an values 
of the critical ai»»wr|»tl«at ttoive ninnl*rt<i * t,. U?r thr.ni, ilie 

wave nuHilicr difference in the «lonblet dionhl rqn.*! u.. .tisun,.. Ia inif>r« 
the wave ninnlH-rs of the alrsotpliiai ha; and .; 
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Tahk- I r..itt.uiss llu- uhst-rvi'il wave mnnlKT clifTcreiiws of the /. doublet, 
with vNtiuiatr.! eirors of exiH-rimeut, and also three sets of computed 
tiilleremcH. 'riie values )*iven in Columns 4 and "> have been calculated 
direetU In the above fomuila (Ij without expanding it into a scries of 
ascending povveis o! /•, It would In* necessary to use six or more tenns 
of Mu h a seiies in onler to attain the indicatetl accuracy. 

the dilTetences betwei'ii tlte ohserv'ed values and those cotnputed, using 
S<tinnierfeld s v ahie oj n .i all have the same sign, and are distinctly 
gieater than the erous c»f measurement. 'I'he values obtained with n = 
a i:. eompate jiioje favorably with the ex|H‘rimental results, and in- 
flicate that with n -• ;{ (a the formula would give the observed differ- 
ences. within the limits irf error for nearly all the elements contained 
in the tabie. t'.veii in this ease there aj>jH*ar.s to be a small systematic 
variittinn In iweeit the thet.retiet»l imd exjK'rimental frequency differences, 
as tluaigh the fonnula were nearly but not quite correct. 

I he emistaiit >t te|ires«*j»ts the repulsive forc'c on an electron in tlie L 
orbit due bt the eleetroiis in the K orbit plus the force due to the other 
electrons in the /, orbit. If i>i and »j are the numlKTs of electrons in the 
/v and the L orbits, respeetively, m » i/j for circular orbits, where 

, I**""- bir 

V|( « , s ciwee 

■I i -I- I M 

't’he values ♦d >1 for ellipti*' orbits is asstmierl equal to that for circular 
orbits. 'I’here are, however, no values of ut and ih that agree exactly 
with the enipirieal values H « :i . tk't, d . l.*> or 15 , h'l. Foriq ■ 2and»# 5 
we have »i — d .’!H, ttther evirlenee of the distrilnilion of eletdrons in 
atoms indicates that this arrunKenient is highly improbable. 

As a matter of fact, the tlieory in its presimt fonn d<K*8 not take ac- 
vsaiiit entirely of the tnflueiiee t»f all the electrons in the L orbit itself. 
When one eleelron is reiimvetl from this orbit, the other electrons change 
their jarsiiioiis relative tt» each irther and to llte nucleus. In calculating 
the ♦ hange m the atom's energy envolved we must take ammnt of the 
change in their energy als*», A motlificatiott of Somtnerfeld's formula 
which itichides thesi- energy ehnnges may l»e obtained by taking the 
pttshict of «, ifitM the value of the right-hand metnlH*r of equation (1), 
with I! " 11, I v„, ami snUtracting fnmi it tlie pnxhict of «a • “ I into 
the value of the same expressiiai, with w ■» Hi + ,r,, , i. Before com- 
faittng wave imndM r iltfferetiees from this iwalifietl fonnitla we must as- 
sign ihfinitc values to h, and This gives a sort of theoretical value 
lor «, 

t’olumn !♦, m 'fable I, tsmtains wave-number differences calculated in 
this way with it. * 2 and w» ■ -1. 'fhey differ uniftamly from the ex- 
iwrinienta! rrsidis by ulaiut 11*/^. 

The alwivr suggi sietl alterathms in the theory, however, do not obviate 



certain iliflknilties hy SciimierlVlil iii Iii^ lliat riicutiii- 

ter, if we suppose tliat the crhit*^ a!l lie in Ifie sairir |il,iitr< IlirHC 

clifllailties wit! ciisappear, when we stinly timre thiir«ii:|*lilr iiitK.iriH 

ill which the erliits clu iu>t lie in the saitu* plane* 

^ li. Wiigiirr, Ann. Phy^k, Mutrh, UHA iHilH 

M. tk‘ A. ikirii. May jiiiir, Infi'i Ai'A , 4ir*l i‘ I; 

Sfi,, Km, IIM!* AWCh 
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liml., HI2tk 

%Sk*ghiiliii jyid Ihiiniiii, Pk$i. Mtig., Anril, iniii ■ic.i - :,iii»| , l‘i|i* 

(ta7,h 

^ I>. L. WetHtrr, /V#c. Aal. doisfl. Aie, WtnhinnUm, I# i\ Im , 

* IHiitiii* and I In, Phy\it Hfi' , Jniir, iniH MMHC: atitl Ik-r , Inin 4 iiii tni 4 iir 

litiil Shiiiikii, iim!., Frh., HMn tlalli ititd l^re, inUI 

^ iHiane and Hlsiiiikii, Uml, Jiilv, Hip* nCl, ikiatir 4ii»l p4ifrfni*te lh*l , iPCic 
Ihiane and HtriHlrniii, ihhl., Aprih P»;!n uin;*V and AW JmW Wi , h%H- 

* Stenstrdiri, lhHkiP% /hkArr/fiiiWi. laiinl* PJlIi. 

® Widwter awl Clark, Pm^ . AW. JoW, Marrit, in 1 7 ^ 
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ON rUH HHl.A TlVli IHlStTlONS AND INmNSITIES OF UNKS 

IN N mV SPECTRA 

Hv Wn.WAM Duank ani> R. A. Pattbkson 
{.ANOMArtittv, IIahvard Univsrsitv 
CMTOWMnU'Atpd AuitMt 17, WHi 

Crauping af I. Smm Urns. wavelengths of Uie lines in the L 
series of X rays have teen measured Iw a great many of the chemical 
flement* liy Stegtelm and Frfntan,' They have published graphs which 
rcjweaent the ^waie roots of the frequencies of tnirresponding lines in the 
■pectra of different elements as functitms of the atomic number. The 
graphs for the hiirs I, mr* «i. 0$ and A are very nearly straight, indicating 
What the square riMit* of the corresponding frequencies are almost linear 
funrtlim* of the atomic iiumter*, wiiereas the graphs for the other lines 
art cwrvcti, indicating a nutrked departure from the linear law. This 
wmild iieem to mean tliat we can di^de the tines in the L series into at 
least two groujts. 

In his w«»rk on rl«iract«ri»tic abamrption de Broglie* found three critical 
ahuvptiim wave-length* amodat«i ndth the L series of gold, 1ri»nuth, 
thorium and uraiduin. Tte authrmt* have extended tliis, and have mea- 
•w^ the third critical ateorption wavt-length as well as the other two for 
tt»e elements ttey examined from tunpten to uranium both inclurive. The 
fact that Ihrt# crilieri abaorptkm wave-lengths appear in the L scries of 




t*adi chemical element wmilcl seem tu uuheate the e)«.tste!He trf at 
three distinct groups of lines. 

The researches of 1). L. Webster untl Harry t'lark* •»« the voltages 
retjuired to pnxluce the various lines in the /. s«*ries »*j jdiiiinum i,iid on 
the way in which their intensities increase vvitli ineieasjng vultage eon 
firm this, and prove further that the lines ij. d,, y, and prohahly y, Ulinig 
to the second group, 


The nualeru theory of line SjH-etra, also, seems to imhealt the phttnig 
m> of the L siTies into groups. The dilTeteiiees in fr. .jiH-i»ev iH-tween 
certain lines in the first group and eurresjwmding lines m the sei group 
are very nearly etjual to each other, Thesi* pairs of hue-, with nearh 
the same fretpieaey interval are ij 1. di 05. y* d, ,inil d, S*nunei. 
feld^ explains this ilivision of the /. series into groups with .1 f4»n*tanl 
fretinettey dilTerenee on the ussninption that one grottp ot lines is due to 
eleetrons falling into an /, orbit that is eirenlar. atnl that the othei group 
is priHluml by eleetrons falling into an /. orbit Hi.it is ellipti,- 'fhe 
equation he derives from his theoiy for the mngiiilmle of the ffenneney 
diffenmee fits the faets with eonsideralile preeision. 

Ihe following faets indiente that the eiitieal absoprlion la, tielongs 
to the first group of lines, and tliat the eiitieal absorption /a, Iwlongs 
to the si-eoud group of lines. Firstly, the wave length of the eiitieal 
absoriition Lai lies not far from that of the line of shortest wave length 
in the first group, aiul the wave length of Lth lies elow* to that of the line 
of sliortest w.ive length in the seemnl group. .S».eonillv, as the anthois 
have shown,* the square rtsit of the freqiieney of /.,i, bn the diflfrrent 
eletnents f - 
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thi- A -i iir-. Ml .mil thut of its > Hm* uniounts to about onc-half 

of oHi- jHt ii'iU. thr > Uuf hiuiiin thf loiiu<T wavi'-lfUKth. In the case 
lit lai h rUiiiiiit tin- vv4\i- li'iij{tlis were iiu'usured uiuliT exactly the same 
i-xjuriinenta! i ..mlitioie., m. that tliere can la* no doubt but that the 
i iitif.d iibsitr|if ii 'll w'iivi* li'itgth in llie h series is shorter than the wave- 
li'UKth ol tin- % iitii- bv an anionnt tluU eonsiderably exceeds the errors of 
exjHrinn nt 

'rnrniiHt to ilu / hcih's rve find Ihat the third critical absorption wave?- 
irnulh. /«•». apfw ais to la* shorter than that of tlie line of shortest wave- 
IrnK*^* ^ series, iiiunely, >4.* The authors" have found the 

foltowiiiK vahies for these wave lensths, /.iij® I.lf'il*.’! and 74»1.()2(>1 *(», 
it» the sjH’i'trnin of tnuRsieii. In the other two groups, Iiowever, the 
critical absorption waNc lcnitths arc lonKer than those of the shortest 
wave Icnittlt line tcsjaelivcly. In the tungsten siH-etnun the authors"" 
fonntl for the wave lengths in the first group /.(tt® 1.21:10*1 and ft™ 
and in the s«-eoinl /.da » 1 .1172(1 * a and ya* l.(Mir)ri*4. In 
each rasi* the difleieiice la twecii the two wave lengths eonsideraldy ex- 
cecrls the cNtitnated errors of ex|H'riiuent. 

As lire relative jiosiiion of ihesr* emission and ahsorplion lines appears 
to Ih* a matter of eonsjderalile theoretical inijKirtanee the authors have 
rrjHntted their esja riments in a slightly different form. To make doubly 
sure of the fill I t they have taken the reatlings so as to show the position 
of the » rilieal absorption ami those of the emission lines on each .side of it 
on one and the s.mie curve. The ex|Jerimentul eonditions were exactly 
the siiiiie as those in the rxja'riments tfeserilaHl in the article referred to," 
except that the X ray inlie was turned so that the rays left the target 
milking a slighllv sinaller angle with its surface than in the earlier experi- 
ments. This inerrsisr-rl the altsorption of the rays by the target itself, 
mid marie the alisorption «lrop in the curves more prominent. 

The enive in fignie I represimts tlie intensity of the radiation (meas- 
med hv the cm n ids in the X ray sjieetrnmeter's ionixiition ehamlier) as 
a him lion of tin* cry stal tnhir angles. The drop in the curve marked 
. 1 , eornsjiomls to the eritleal Jihsorntion ladonging to the first group of 
/ M-ries emission lines, Tlie alisiirptliai of its own rays by the tungsten 
target iiloiie pfo»!iierrl this dour, as no alisorhing screen was intnKliiced in 
the j»aih of tin- ravs in this e*|M*riment. The tall |M*ak on the ctirve 
rr presr nls the irlatively strong emission line ft. Its separation from the 
ahwirjitioM drop eorresjamris very well with tlie wave lefigth interval Iw 
iwrrii the two, ealrnlulrd from tlie data tihtained in tlie earlier exiwri 
inciiH, namely d,iiih.l»-2, 'llie small Immp in the curve on the other 
sirle of the alnoiptimi rlrop represent* tla* etnission line, ft. 

Thix rxfwfiimnt proves t*onelusively that the critical alisorption lies 
lietwrrn the rinission lines ft and ft, in other wonis it has a longer wave- 
length than that *4 ft. 
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T 1 k‘ positums i»f A i‘‘' ilftiTiiutHul from tfir im-.i-nu in« n! . oi Mirin* 
iUid art' lunrkvtl alwivo the lurve in 1 to 

their measurement.s this futHt line lias a wan- h-nclh i in.ill !i ution Mj 
one jK'r cent shorter than onr value, whieh wonhi f»nu« if .hi! mitln i 
from the eritieal absorption in the <!irei tion of shoitn «,»%» l» orph . 

The curve in tisjurc 2 represents the s|»ei‘truin of timi;stin in thr m i^'h 
lairhtMKl of tlie critical absorption /uj. The ihop som spiimlm^* t,, ihe 
ubsoqition and the {H*aks correspoudinft to the ■> eiuissiun bin *. .»pjw ,*i 
on the curve. The critical absorption lies lietweeit the eiuissiim luiev 
and 7a. and therefore has a wave leiijtih loujter than th.it i»f y, « Hein's 
and Siegbulm's values for 7* are in exael agreement with mu ralues 

Aci'ordiuK to the eoiuvption of nidititioii held bv uiauv seirnlisis the 
eritieal ubsoqition wave length iHirresjaiuds to the shoil w.ne teiu>lh hiiul 
of the group or series of eiuissiou Hues with whieh it is iissmiatrd If 
this Iw true, or, to s|itnik more aeeurately. if the term 'group of Hues" is 
defined in such a way that this is true, then rauitoi ladoug to the liisi 
group in the f. series of X rays, and 73 eaimot Iwlong to the w-eond group 

The strongest evidence in favor of Iwlieviug that ds Iwlougs to thr same 
ttkmm tm'dutmmi that firmluees the Hues in the first group apjiears to 
lx* that the siptare rcait of its fretpieuey increases trout atom to atom 
nearly as a linear ftmetion of the atomic m»mlH*r. cortesjHiniling in this 
re.speet to all the Hues in the first group but not to tlum* in the seemid and 
third groups. In terms of tin* theory of atomic orbits this means that 
eltH'trons falling into the L« tirbil })rtKlnt*e the line |f„ as they do all the 
lines in group 1 . VVelister and Clark* found that in thr {datiinim 
speetruin apfx‘ared at a lower voltage than that retpilrerl to priahiiH’ Ihe 
lines in tlu* seeond group. This proves eoneliisively that A eannol lieiong 
to the .settmd group. The estjreriments on eritiml jaitriifiats, however, 
are not sufficiently iieenrate to dedde wliether A apjirars at ruaf/v thr 
same voltage m tlw other lines in group t, for A is a weak Hue, and the 
differenee tjetween its wave length and that of thr eritwal alrsorption /.| 
amounts to tally 0 . 7 % ftwr tungsten. We are not, therefore, eomjsdlrd 
to assume that A proditt'etl by eleetn«t» in llie X ray tiilre having 

quantities of energy less than that given by the tpiMnUnn equal i« ■11, 

Ve»hv. 

The argument in favor of Huppraiing that the Hue y* lielmigs to the 
mrehanlsnt that pKaluee* the lines in tlie second grmtp rest* largely ufaw 
the fact tlfat f«>r tlir varimis dirmical dements tlie tlifferem e in Irnpiem y 
between y$ and A etjuai* tlw frequency IntWH’a! tietween the Hues m thr 
other pairs lidtinging mspectiwly to tlie two grimps. It also et|ual» life 
tliffertmce in fretpieuey between the two critical ab«irpiit«M La% and 
Imu and is given quite accurately by Sommerfehfs L dmiWct formula. 
Hena*, according to the theory rrf electron orbits, 73. In ciwniiMiti with the 
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..tlu-r liiH'H U* thf sfccnul uroup, is puKliicetl by electrons falling 

into tile second. I -;, orlnt. i 

<>j» the e\j»e!inuitt,il and tlieuretical evidence we have reached the 
)t-irtH‘htst**ii that tite emission line (fi, iH'Uwigs to the atomic mechanism 
that punhaes tlu* lines in the f., gronp, ami that 73 Iwlongs to that pro- 
diuing the lines in the /.j group, (hi the other hand our experiments 
prove eonelnsivi Iv that the wave length of jSs is shorter than that of the 
I,ih eritiea! absorption, uinl that the wave length of 73 is shorter than that 
of /aij. A somewhat simitar situation rx'curs in the sjK'ctra of ordinary 
light. Here we have resonnnee and ionization imtentials. There is a 
dilTereiter. however, ta-tweeii the eharaeter of the absoqrtion of X-rays 
iinil that of ortlinary light. 

The Ih'sI way of exphtintng these phenomena may Iw somewhat as fol- 
lows |,et ns supiHtsi’ that the critical absorption Imi correS|)ond.s to the 
transfer of an eh i troii from the f.i orbit to the fieriphery of the atom™ 
to nil orbit tlieie where it ran liml a plaet* to stick. This (hx-s not mean 
a ttaiisfei to an imielhnteiy great rlistanw from the centre of the atom. 
'I'liere may lie many orbits outside that at the periphery, even in addi- 
tion to thiw that la-long to visible sjXTtra. With the electron in the 
orbit lit the jH-riphery the atom is in a state such that by the transfer of an 
electron biiek b* lilt the vaeimcy in the /.i orbit it can radiate any one of 
the emission lines I, 03, #(», etc., but not If, now, the frequency 

of the iiieidetil X ray Ixam is higher than that of the critical absorption, 
if the energy hi is greater than that required to lift the electron to the 
]H<riphrry of the atom, it may carry the electron to an orbit further out 
or even outside of the atom aUogether. In this ca.se the atom would 
!«• in ji slate sm h that the return of an electron from one of these outside 
orbits would emit .V railuition of higher frequency and shorter wave- 
length than IliHl of the t^itleal alrsorption. This would correspond to 
the emission line d* A similar explanation applies also to the emission 
line 7s, and the /,» orbit. 

t’rom this |»oinl of view we wouhl exjxct the critical potential for jSs 
to Iw slightly higher than tluit for tire other lines belonging to the Li 
ortnl, and flw eritical jHiteiitial for 71 to lx* slightly higher than that for 
the lines assoi'iated with the /at orbit, 

Initthrr, on this theory, tlw eritical absorption does not correspond to 
the limit of the gioiip, or series. It Itewimes Incorrect to speak of the 
.disorjrtton himi." as llww wortls are usually employed. 

An amirate, quantitative test ftw our point of view eatmot be obtsuned 
tt It hunt making s|*eiial a-ssumptions. According to our meMurements, 
however, the ihllrreine in frequency lietwcen the emisskm line and the 
I'litieal iibvapiimi for tungsten, each thvidetl by the Rydlxirg constant, 
H iMl for di / oi, and .'• « f*»f tt' /aif. Theiw arc of the order of magnitude 
o( lretjtU"nrM'’» asMs-iiited with the peripheries of atoms. 
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‘I'lu* tjupsticjit luiw urtscH as tt> whether or not an L critical ionization 
frequency eqimK an L critical ahsoiqrtkm freriuency. A critical ioniza- 
tion freijuency represr-nts the transfer of an electron completely outside 
o! an at«»m. In the casr- «»f the K series of UKline the two frequencies have 
iHcn f«»ui»l tt< la- equiit to each other within the limits of error of the 
Hie.isuiciin nt*./ lisiHriments are in proRress to test this point for the 
/ M-rics, 

lifhstivt' /♦ihtiifpc' »»/ l.im’s. The ionization spectrometer provides us 
with an esrelletit inetlusl uf estimating the relative intensities of lines 
in X rav sja-ctra, Acenrate esliiuates of the relative intensities, how- 
i\ii. cannot Ih* ohliilned imless the lines lie fairly close together. If a 
i-onsiderahh* interval swparales them, iwrections must Ik* applied for the 
ctiangc** with varying wave length in the amounts of energy absorbed by 
the HMlistances through w*hich the rays pass, etc. These corrections can- 
not Ik- accurately calculated at present. SjK'cial preeaution.s must be 
taken to imikc Mire that no critical absi>ri>tion nor critical ionization 
wave length lies la-tween the wave-length of the lines to Ik* compared 
with each other *rhes«- limits to the awnrucy of relative intensity meas- 
uretnents present themselves in phtdographic spectrometry in addition 
t«> iluew dne to the difhculty of estimating the blackening of the photo- 
graphic plates. 

In the ea*- i*f a tine that is not irereeptibly broadened we take the 
height of the j»c»k rstrresjKaiding t« it on the ionization current crystal 
table angle graph to represent its intensity. This height must be meas- 
ured from the level «*f the curve et»rrespt>nding to the general radiation 
«»ii the two side** of the |»eak, and not from the axis of zero ionization 
current. 

Two jieaks apjwar on the curve in figure I, corresponding to the spectral 
lines 0t awl 'I’he ratir> of the heights of these two peaks is 1 16. This 
inimlirr, however, «h«*s not represent amrrately the relative intensity of 






applied to the X ray tulH*. This was •i2,r‘iU vtdt'., l'h»* ipphrd 
lies so far alH»ve the eritieu! vtiltuKes. however, th.it th,- <hjv h. 

variations in the latter ilo not nnionnt to as onn h .e. thi» «- jM i . i-nt 
Figure 2 in the paper referred to abn-e* eont.ihe* u»m . »rpi« 
the four strongest 0 lines. The heights of the jw.ik*- ••jh-ndiOK t.. 
0 f, 03, and 0 t are profairtioind res|ieetiveh' to the imttihn . . t. !«; 

and SI; the voltage applied to the tulH* in this evjtefniatd 
volts. 

The ratio of intensities of the two « einisston inw. }M»v4s.rs siwmi! 
theoretical ititerest. SomnierfehF has develo|ted a theon ulmh pinh. iv 
the relative intensity of eertaiii lines in the sjHetimn Hv apjikmu the 
quantum theory to eleetrtm orbits that do not lie in the same plane he 
finds that the huihIkt of iHistitions whieh the plane of an ottm » .»» .«» iiju 
is greater .by unity than the quantnni ititinlwr a^sot i.itnl with the elee 
tron's angutnr mlrdinate. Aeeordiiig to a line of reasoning due to Hohr** 
one of these positions is in a eertain senm* dytiainieullv inqiossilile, whirh 
reduces the mimlHr of jaissihle |»ositiot»s the plane of the oi tm ran o*enp> 
by unity. Aeeonling to SoinnierfeUl's theory ail the |»*wsd»le }iositions 
(>f tlie «rbif.s jdnne are equally i»rol»ably, and heiire the iiilen»ilv *4 the 
line is pro|X)rtional to the niiinlHT of {Kissitde {stsitions 

In the ease of the «t lines in the K series this theoiv agrees very well 
with the facts.’* The n lines in the 1. series, however, i|o not have the 
relative intensity predieterl by tin* theory. The eletrons prtsliieiiig these 
« lines fall from M orints into the satiie /., orbit Tliow' pi.slnring the 
«i line fall from the first, A/t, orliit, whieh has three t|nanlii aswsialrd 
with the angular cotkrilinntes, while those priKhieiiig llw o* hue tsinie 
from the orbit M 3 , whieli has only two quanta aswaialed with tlie angular 
eodrdmates, Aetsinling to Sommerfeld. thendore, the relative intensities 
should lie m the ratio of 4 to ,’f. As a matter of fact, tlie ratio is verv iinieh 
larger than this. The curve tit figure .*i fe|ireseiils the two .. hues in the 
/. «t>ries of tungsten. The ratio of the lieiglits of the two jn-alts 1 % alHini 
10 to 1. Amirding to Hohr's ’’analogue prineiple" ilie iransfei foan 
Mi to tsiuld not take place, unless the atom were in n field of foi. e 
I his may aecmint for the weakness of the m line. 

' ‘‘f*'**^*”* ^**4. Mag , Lundm, A|irll, luitl HUCli; ami x»w l«m ( K*, < 

•de ItroRlie, J. Physiqtuf, Pam. May'lune, fttW (IBli 
» Ihwne and f^atterswi, Pm. Nat. Atad Stl, Watkiagiaa, 8r|« JmlSj 

Wrlisttr iiiicl Clarl, Mllrrfe-^, Wlii Mitl I§i4 ,, Jiiii 

I mi Sp0k$fmlUmmn. 

* Duane mid Patterson, Pk^iU. Hm„ Jlkma, l^t. 

» Duane mid flu, md., Del., nilii (.ffla), 

•Duwww,dHtemtrom./Wd., April, vm imU and Pm. ATa/. 4.«-l Ai MV .A 
tngtan, Aug., lOat. 

» Dwm. Pk^tsit. Kn.. Aug., Ittltl {l»7). 

'* aieglmhn, Phil. Mag., Kov., 19l» (m). 
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rilH .1/.'V«»A7*//<»V !»/' V A'.irx av tllKMICAl. KUiMENTS OF 
men ATOMK' M 'MIUiHS 

Jiv Wtt.tJAM Hl iai |•'K{CKIv AK!> Wll.lllU.M StBNSTKttM 

jHrrjm «•!< I.AHtiBATuHV, Ha«VAH» !!NlVKR»n‘V 

Ciiitnuuitifdtrt) Anxtilt lU, lU 2 t). 

!nft»kfit(thfn. \ jitwnrptiim wavi> knigth diamcU'ristic of a 

••hrinii'al rlrmriU i** a w.ivt* k-Hgtli sitfh that thi* deminit at«orbs X-rays 
Inngt r Utaii llw i ritk a! vttliir k jis thiui it fka-s X-rays sliortor tiian that 
valiif, Mark rJinniral rii-mriit has t*nf rriliral ttl)Sori)tk)n wave-length 
as«M*iMtr»l with its E strirs of rhararteristk emission lines. Duane and 
Dm* have sIihwii that in the K stories of rhtKiiiira the critical absorption 
wave length is about one fonrth of tine per cent shorter than that of the 
shortest line (the y Unel In the K emission st'ries. The authors* found 
that the rrilirMl absorption in the K stories itf tungsten has a wave length 
ttf rtlatnt one half of one j»rr rent sitorter than that of the Ky emission line. 
Hinre the tithe* t hararteristic X ray series have kmger wave lengths than 
Ihtor of the E Hrrirs, the E critical alworptkm wave length is the shortest 
X lay wave length ti*.w kiittwii to Iw charaeterlstie of a chemical element. 

In the ii'srafch tiescrilicti ill this note the antliors ha''c measured the 
tritit al jibsorptitiH wave lengths in the K series of most of the avail- 
able t bi Hiit itl rh ineiils from tungsten to uranium, laith inclusive. 'I'liey 
Hucil itn ittni/alion tjirctromeler, and examined sja'ctra of the first, second 
ami thtrt! ordn^ In IblH Diwne and Sliimku* measured four of these 
wave lengths in ■•jirt'fraof the first order by the tonization method. Mea- 
siirt iiient’t uilh the same spetdrometer of the h critical absorption had 
pn vion'dy lani tnadr for most of the ehemical elements down to man- 


giiiirsr IV ,45i4 

jiilhlMirtl ilir;iHliriiiiriil'» «»l tlir i'4 

lilliiltignipliir s|ifrlrriiiirlrr^ 1*^1" tlir 4'liriisiv4l rUnu-tA . lu/ii 
IllllllilCrH iflctlltliHt ill llli"* Ilsr'% .•! llif ^| 

C»!tllllll'i 4 ^tll*l -i itt till' l4l4r Ihr % ,%hH ■. *-! ihr V* . 1 ^' * 

k’li^lliH lltry givr, 

ApptiniillS illhl ^h1ik^i, Tlir ^ritrr,il iiirlliml Iis.iliii*: isw .4 .iiic 

iiiriilH iiul tlilTrr iath’' ii' 4 »iii tli.it riii|»k»%r«i .nt^l 

Stlillli^il4 \\V llllVr imi »ll»lr, I** a v*^inr%%li4t ln^-krl 

%‘tillagr t« till* K-'fiiy IiiIm* tliiiii 'm litr ritrlirr rrw.itrltr** llir im 
wr llliw d«i Iltll willHirtlli! a tllllrlrli^r *4 |»*^4ri|ll4l 

titiiii iil'iirtil l!ri,fltMi vtillH. Til pri^liirr X di**ttrt Ili4ii tlif h ^ciir^ i*| 
iiriiniiwii, rrcjiiirrH ii %i4lit||r rtiii^iilrijlih iit *4 tlii« ii^niir 

By fiieaHiiig Itir iiriii!^ t.»f tlir X-rsiV ati*! aB*** *4 tlir 

lieloiigiiig tci file liigli gritrriiliiig jiiiiiit iii i*it liiiilrt mr Ii4%''r Irrii 

able in eiceite llie tiilm* with apiineiiiiiiilrly up i*i iibfiii 

l4lbBlMI vtiltH, We estiiiiiiti"«i llim" with *111 mil' 

meter, wliirlt we riilitiriilril liy llir r'linriil it'itiii thr gnirfiBiiif 

plant tlirmigfi 11 tif rciili i4 iiniiigiiiiiii w-irr liaviiig a Iwtiil ir%r4iiiir'r 
of tif)4«bCMMI oltiii^, A% II rheek mi thr %^iiliagr iiiriraifritiriii^ #iiii| t*ti tlir 
coiisliifiey of llir ilillrreiier of juitriitial wr dririiiiiiift! llir %lirift w^urr-- 
leiigtli limit of the gnirriil .X riiy Hjwrlfiim iiinl riilnihilrd itir %-«tt 4 ir 
by of the cjiiniitiitii rtjiialioii liiiaiir aiol lliiiil-' 

!>y eiiw^rittieiitM tliiil llik Imv liolti.^ for thr liiiiii of tlir ami 

their rtmiltn liiivr Iwrii %*rrillri! Iiy iiiotr frrnil rrwiifi 4 ir»»'^ 

Rmdis 0 / ilu* ^ chi tihitliiig ihr riirrriil,% in llir 

tkiii ehttiiilier agaiiwl the iifigtititr |awitioii% of llir lablr on thr %|irrtfi*iii 
eter tlmt mifiporlH llie eryital we oliliiiti eitr%^r^> r.ssiiitnilr*i of wlileli 
aplifiir ill fipirti I anti ± Tlit ihitrp tlro|'-H, n, in lhr%i' irfirr-wiil 

the erilkul litmirjiliois tine to Ilie eliemkiil eleiiiriit iimlrr iiier^ltgalioii 
A layer of iiiiitter ttiiitaiitiiig lliit tltitiritl h |iliii*rit in Itir pal It of llir 
X^myn kTweeit the X^ray Itilie aitti tlir %|irrtrtiiiirirr, Tlir aiigttbi tlo< 
tiinee iMdwwii the iitlcl fniiiili in cwre^iainilittg tirifjw wii Itir iw«» 
of the »?rti given iin twin^ the ilaneiiig aiiglr, i, ■lelilelt tiin»l Iw %iil.n|iliilrii 
ill the iiiiial foriiiitla, 

\ '^'2d mm $ 

to ealeiilfite the erilieiil itfi%iir|ititiii wtiveleiiglln A iwfeelii»ii l«r 
trieity, iiitioiiiiliiig to itlaiiit 27 '' of lire, imm to lit niilit.r-iiiTfil frttiii llte vtl’ 
lien of # iiieiniireil 011 the gniiilin. 

One pair of i*iirvrn lit flgiirt I rt|irf«r«ln ihr rritiral «liiiiir|iliiiii nl 
iirttftiitim Them* eiirvei art of ipteial iiittrttl, for fliry roiir«|iotiil to 
the iliortent eliaraeterktie X^riiy (of any ehtiiiiral ririiiriill lliiil liiii t«*fit 
cliseiwered iip to the premmt timt. Tlit mitrr^ of tlir »4ii Im 




r*4iiii,iir4 iiifii rrrt.4jiilv 1*^ witliiii about tlt^ of im\ imcl, as 

rii'ii.il' oT III ilir^ t'*r^r, llir rrrtir tif |irmsitiii artaniiitH to hm than one*- 

tiiil4 hI |s« I », rill 

11ir .iflwf til li^iif'r I iiiifl Itii* tntrvi*^ ill figlirr 2 liolong to iner- 

4 ii«i bratiiiilo rr%jmii%aiy. «liir pm of nirvoH roproHcaits the erit- 
i« 4 I .ilrf*a|4u4t oi liivtiiiitli ill the maifit! orfler spertriinn line! another 
|Mi!, till' iiiiiial of mrfeiiry in file lltirtl order. The drops 

tlir 4 b^#rplioii if! the and lliird order spectra 

4 it- irn iiiieli siiallr'f tlniii in the first order, ittid for tliin mison it is 
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t'tttuiitii HJ. Ilu* •hlJrtrnw, tx-twffn thf'if stjiuin* mots caknilatecl per unit 
iiirrpU'Jf' ill Htmuir iiittiiiier. 

.*/ f/i«? /iVittkv. 'I'lii* tliffmmwH tuhiiluted in column 10 do 
not vary from tlicii mcrtii valtit’ more tlnm one would cxi)ect from the 
estjwrimrntji! ettor«., 'riiis indicittes that within the limits of error VrA 
is ii iiiiih»ri»ly iiH rcasiiiij fnnetion of the atomic number. The differences, 
however, are slishtly larger than the correstKintiinK differences between 
the square fintif* of tJie critical alisorption wave-numliers measured in 
jirevioiis fe»*e<ifchpH’*« for chemical elements of lower atomic numbers. 
This means that the stpiure r«Hit of the critical ab.sor[)tion wave-number 
is not ijinte £i linear function of the atomic munlx*r, which agrees with 
the results in>te«l in the earlier pajiers.*’* The variation from the linear 
lave, however, is t«m small to be clearly indicated in tlie range of values 
contained in table t. 

The wave lengths mrasnreti In sjwctra of the second and third order 
(cuhunns li ami a|»|iear to In*, with one exception, smaller than the 
coffesjMindmK a . ive lengths measured in the first order .spectrum. The 
rliffririu rs lielween the two sets of values alrout equal the errors of meas- 
urement Kiindar differeinvs lielween spectra of the various orders were 
oU* 4 >rird first hv i»r. Stenstrdm* in his measurements of long X-rays by 
means i»| a pbotographir sper*trometer. He attributed the effect to a 
slight lefiwiion and disjwrsioii of the X-rays by the reflecting crystal. 

(fiir mrasurrmrnts in the secmid order s|>eetfum for thorium were not 



c»i^ Piirsli'S: IHlXk. FPIPkh ^r- 'v - , ■ ’ ^ ^ . 

;h sallsfricliiry :i^ tlir Thr -riift,iliiu: ^ ^ 

lilt* limit tif ii-H vninmiv, .iiitl ttir iliirHi,.iti*-*ii. iti \ i /.i 

iiimsiially Irirgf. 

Cllir valllrH t4 llir W.i%r Irmtllr-* 4 It niiil-isssl*. !\r^ f' y 

t;iiiirt! Iiv |ilit»tf*i*r;i|iliir" iiitiliiiil*.. « Hi iti** l^* ■- r ^ ^ 

to li4*tmwil tiltr »illil two I'li’r mil. ¥hr iir,* m*n:trA ^ 

Jiill^Mifs wrrr llliwlr willl all illtrrr"4lii4: tiMiiir in 4« 


lit i*Iiiiiiiialr rrriir^ iliir to tlir *4 thr X t ..it - - th^ nfl»*!iti4 

rrysta!, ctr, lii *111 tiniiiiary 11 lli«- -,4 i;si<i,; i-i 

ilrteriiiiiiril liy tlir jii»" 4 ti«»ii *4 ttir rrflr-rtr«l i»'.iiti X t.n ilsr*,#- rit^ai 
iitay be ritlirr piisiti%T %w iiri^:iiti%T% tlir |^*^.lti..|| .4 tlir ,i%i% 

oi riilnltiiit Ilf the rry^litl wiitt rriViriirr t** %%liat t%r ti;i\# * .ilb '4 ifu- 
retlrctiiig |iliiiii% Ibirtlirr* tliry may im-rrinr *|r-nra*.* wstfi ibr ^.itr 
kiigtti t*f llir riiy.H, iiiKl iit liiiiitiiig lli«^ *4 ilii* . i% •a.iil li^tr 

mi efeel. mi lliniL t 4 ir iiirflHitl «.4 ii^iiiij tlir rliiniiLilr** 

them' rrriir?^, fur wr ttrtrfiniiir l!ir aiiiclr, 4 ifsr .itiylr ilii%»ti^|i 

wliiefi the rryHliil liiriH mill iml by l!ir jM.nleiii i 4 flir irilrmr*l 
Hie ciillrrriice^, tlirreftirr, In 4 wrrii mir 4 n*l ilr*.*.;r yi%rii !.»% s-ttf, 

biiliii iiiici Ji’liiHMmi niiiiitil lir umiilrtl tn rrrrr:* *4 

tliry iiiiiy !ir tliir i« flillrmim in l!ir maiiiin t4 iiiicipirins^^ ilsr r%j»fai 

tibmTViilimiS. If, fm iti.*^bitiri.% ...1 

pliite were iiiiidr frmii tlir ivlirrr thr |ib.ilr 4i4.il. fir « «»i 

reH|Kiiicliiig viiliir iif Itir rriltnil wm*' lriig,ili i.%»*..iil4 !%■ dr-alrf 

tliiiii timt givtii l>y mir iiirllitwb fur sw iiira’^.iiir lri%%rrii Inti 

up tile Hlrrjl driip^. 11lr j^.*iiit lyhrrr Ihr |ilr 4 f^g*taj*lsir |»l4lr |m 

iliirkrii rririwjimiiN In tlir iMillmii t 4 u ilrt^i tiii *,411 riii%.c^‘. 

Thr wiivr 4 riigt.li ?4 miitiiiiird j|i tsiblr I riiiii|ilrlr tlir *.4 iitr..,raiir 

iiiriitfi f.if tlir K rritiriil iibmirplinii nf thr rhriiii*'al rlrmriit*^ lint mr lia\r 
tirrii iiiitkffiic iri mir X-ray hibiriitury flmiiin thr pa '4 lc%i VfMn IIV 
tit»w hiivr viiIiirH tif tlir K rriliral nlwfirpiimi i%'4tr Inigllif «4 

llir rlirtiiiriil r!ritiri!l»* fnitii maiigitiirm* bitiniiii' iiiiiiilirf VV 1*1 tifatsiiiiii 
fiiltiriiir iiititilita^ iril ImiHi iiirlii%iyr, Tlirm* wmr I mir I 'if a- It 

timl by itiriiiri cif t!ir iiiitir mmmhm *i|ii% 4 rmtirirr aii 4 miili tlir *aiiir 
riilritr rryntitl, mul itrr tlirrefiirr rt*iii|iiiriililr wiili rarli « ihn 

• Illicit*’ 4 iiii I III, Pkpir. M. 1 % t. itii.H vAmn 

^ litiitttimiifl Htriimi-iiiii, llliiliitifl## 4 «*i 4 ^ -lilt# 

• ilMMir apfl Flyfii#. Iiilii 

< llliikr attil ihd„ llrr , 11117, iWf, 4ts4 lliwtir mmt llii* ih4 , mr» ■ f4i| , 

• Hr lliiigitr, i, Pmi%, Jmir, l*4lil mm • 

• Hirglwliti itfitl Mmii.., |il||1 h 

» iHiaiir mill ttiiin, Pitpm, Mf%u hm-, fliWI 

• Sirfiaiiiiii. Ihwtofn Iltlf* 
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SYxai|*sts. 

t rih.A, I ■: ;-,5 '»{ U iiir i/i A tifhl I* .SVnV.v, ™ThiH pupcr 

f 1 r-! 55i--,r'a',iri!ivS'j s m| the *di:u)rptitni vv;,iv«‘-lengths uhho- 

> i.ifr \ 'A t.-" h iUi-l ftjf* I -n-in'’!. 4fis| m| tht* wuvd'-kniKt liH t>f luo^t n{ the 
.'-1 fp, I nri*r-i, 'I'hs- ww nuul«‘ hy nuxuw of a new 

1; ..«5|.*fr|, nimilaf thr M!if‘ t|l^=4rril>l•d itt the IhlYSICAL kicvnew for 
fir*-. E4>^' ,\ loilh leiHioii atiimge battery HUj^pIied tlie current 

ihirai^h itir :X s.iv lolwx itir voltiiKr iimi eurtrut being kept conitant by the pro- 
rrsbitr' in He' '|'e» eiitttituite err«>rH clue to tlie penetnition of 

Ihr rav.** Uv«“ and In la^'k uf rjs;»iet lelpHtmetit beiween the axisiof rotation 

*4 ibr and fUr ittf frileriiiig phiue* etc., the author« employed the third 

liir|li»* | soreas-nM--l in ilir Utlnlr irfened tti, above, lu thin method two alitB 
liriivrrn \ and the ■^|wt lometrr detitie the widtii of the beam of 

X ravi that stsikr* He* riv^i#ih and the gbt in front of the iouiiation chiunb«.‘r haa 
«nrbi imi lora-’c-h Ik* fbr eiifbr leilrrted tn^un to enter the chamlxu’. With 

iln» rttianis'rrjirjjf r.| ih** anj|lr through whieh the crynud turns (not the angle 
tinidr br fhr rr 'b*i «‘4 tirAU} »d iav« with the /rtii of the instrument) measures the 
gliito ing Aiiglr uarki In the fia'fioda !»♦ raleukite the wuvedength. 

If# 4 « I- 4 Ih*: ih0 ll'anff M^ 4 n»rM in X/c#?t'lra o/ ihi> txt, 3<i and 3d Orcimv.-™* 

I' be lablir rmiiainn ihr ^vrightf'd mean values of the wavedengths obtained 

|iv.in mra?*‘4t*‘inrni» in *d th^ laf* ^td and 3*1 orders, together with an estimate 

*4 ftp" ^4 ih*' mri»,^ni*fmrnt.t., to estimate the <dord«f#t accuracy of the 

drtia lAr mmM info the rtioH In iltr value of the grating constant of 

ilir ittiriir ns«r 4 - I lira«' add Up to about 0.07 |rr ceut, lu the text the 

value® *4 ibr nni^tion wavrdrnglhfi iditaiued by this loni/ation method are com- 
I«iir4 wjih inr4?54irimoa® »4 ihr name lines by photographic methods in which 
i*|,«r'eiat pio»'rd4ii*'« tiavr lirrn rmph*yrd t»» miniiid/e the effects of the above meii- 

■X"H*iy S(m-Sf 4 »»/ rmigifen, 
tdmsiiini l».»f t'ahdir H (hdlSh d 3 MH) X 10 '* cm. 

■riiin-al VVavr 4 *engtiw, h X 10 ® cm. 

E.i |.a» tMi i 

diMWi i: 7 I Ilir# -t I 1.0710 P 5 1.024 rfed 

t'mis^lnii Wavrd.e«gilH. k X 10 * cm, 

k*n iiwi 1 ’^y 

mil I .1 jmmi r. % AUMt k 1 .l7otn jko 

|.l l,ttf brt* :i hn 

I fijM* I Hi I It HI I, ..I 147.100 II' 3 14170 :fc 7 

i/ll |..#i IJi 3 ISt 

hi*M\ i I MfiOl ; 4 iJ ;; t J 4 I 0 J 'dg 12 1.2040 ± 7 

I 1 . l-'Yi 

I f 7 I tm'k^ 4 l.mofi * d ;i UCI'JOl ± 0 

‘ A f^r»r„ir4 I., ilM- Artifiimn S.»;tety at it* New Y«rk meeting, Feb. a8. 
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OiJeel^Tiw object of the rtwarch i • . . 
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Wiivc-lcrigtfiH «ht,„i,i k-obiain*^, " ’ " ^^**'*' «*»«l*4fal,|r 

Apfiamttts and Method — 1« .t. 

might iH. a* free im *»*•' « t* ogih. 

X-niy« into the rdiecting crystal^^ **"' 

whttt no, I %ektml|itti«B. Ch«pt«p 



.u. ..... ... ,,u. crystal, the iiundont beam of rays, 

ihr . fb'./r.,- H i!. . !u.K (.lane iu ti»' nystal, etc., we have employed a new 
,Miu/a!i..n spr . u..m, r. i . ..imil.u- to the <me <lescrihed in detail in the 
I’m M. At ki mi u !..( lU.vmlHT, hh;, at page 6.>4. The new instru- 
I'x-o' >“.t d,i!.-r e .M ntiallv from the old one, hut has circular .scales 
th.it .tpiH-.ir to M.im vdi.it more ex.ict. We were able to detect no 
didi-ii-me lH!vv..n th.’ i.M.lings of the two verniers attached to the 
ny .t.il t.iblr th.ii would give m, .1 pereeptihle correction for exccntricity 
ill I hi* fiarlH i.tl ihr fir'.ilr" iihitI. 

Wr- Ii4vr .i*!*i.4rii ffir thin! nu^thcici iff arrariginK^ the spectrometer 
iiiriiliMiifii ill tiir arliiie referrinl t<» above. A narrow beam of 
X-'iav.H, ilriiiiiTl riihri by twu ^litn in leatl blocks betwi‘(‘n tlic X-ray 
liilir anil tlir H|iri-!i*tiiirtrr or by line slit auul the focal spot on the target, 
falb. on Ihr rrtlrriiiig tiy^iah 1‘he thin! slit, that in front of the ioniza- 
lion liiaiiibn^, Uah breailth to alhnv the entire reflected l)eam to 

niter ilir t'ti.imtwr. t lie rliief *idvatilage of this arrangement lies in the 
fact that ti»* Ci»rrriiioii in lieersHary for the penetration of the rays into 
the ctv^4a! am! lot the lark of eyart adjustments in certain parts of the 


iiiHtrtiiiinit. riv faking readings i'orresjiimding to the same spectrum 
tine on nide-i of the /ero, twice the glaiuang angle of incidence can 
be rah iilaiial bv -atiijilv subiraiiing the angle tlirough which tlie crystal 
has brrii tin nr, I iioiii iHoh d1ie angle through which the ionization 
faille tia'i lirni fiiriir*! dors not enter into the calculation. In those 
iiirtht«lT of iiHiiig ,1 s}i*airoinefer in which the glancing angle has to be 
r'alriilaird ftoin |iOHitiorN of the reflected beam of rays (photographic 
iiiriluwbn 1*4' im’ilaiiiaM rorrrtiioriM for the aliove nu*ntioned sources of 
error iiiie4 lie a|i|ilir«b <*r ei.f’^e special device’s must lie employed to 
rliliiiiiair thrill. 

Ill ttiakirig a fa-rien of iiiraMurrnients the crystal and ionization chamber 
are I'otalri! tliioiigli miriTs^ive angntar increments, the chamber always 
tMatig iiio%'iat iwarr a.fi far a?* the r:ry?itah In each |K»sition of the crystal 
tfir ifiiii/alitiii nirreiil h iiieaHUmh Ute graplts rejiresenting ionization 
riirrrtil.1^ m of the crywiat ta!4e angles (mx the figures) indicate 

coiirti|i«ai*lifig to rharaclerbtic eriibsion lines, and sharp drops, 
I** I iiararlrri»lic almirption Hnei, To get the double 
glaiiriiii: aiigir nl iiiiiilrtire. if, for substitution in the wave-length 
finitiiili* 


k ^ M K to ^ sill f cm., 

wr itir.etiiir loaii ttir iiji» of the fH^akii or the Centers of the drops, as 

itif* 1114 % !ir. 

Ip ii|c itir tltwriliiHl arrangement of slits and general 


lying exactly in llti- rSh-t im- m-iIi . ntu; |4.tsi. . 
iiu'idnil iii-.tin iu>t iM!.‘4nK r\.it iK slsnau!? th 
(li) nrtain t»l the liiii’ct** in •am. m!<- 

A fnrtlHT ath.ml.iKf t.i ihi ir.. iis- 

vrry giHw! ^■^!iulat»> fl ilu- ulatn. n-.ur., u . : 
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obtiun«l, imividtHl that thn )(,»•„ h,. h,, u,K, t|„r ihii wr may 

neglfct. «f airm’t for ..rr,.r* ,U,,. i., ,-hangrH ,» ihr .wfh, „ „i« ,.f ah«,ri». 

ticiri iiml m rtHerfkiii willi wa%^r4riigf1i. 

hor thf tMiigstin t'lnWim stfHflrum wn timl an X rav tiilir i4 rhr 
Ux. » Mt. ty,H- ,*q«ipp,nl with a tu,iu.f,.« targH. Th,- ray m,r,g, ,1 U,m 
thn tul«. fhmugh n thm ghiwi wituh.w hltiwn in a •»!.* arm aita. h. .t i.. tf 
Ihm matrrmlly ndttml thn .4 thn r.lat.vrlv .4* I xr„rx 

luwn. I iH- rayx fmnrging though fht« wimhm. h4i thr f.Mgri .f ahm^t 
grazing juiglnB. I hi* g;,v,. „s,rrt»w a M.uriT *4 ray» ihai .mU -ai. 4if 
wa« lUHxlncl to makn thn ind.hnu ix-m it of ray* a. narom a. .h«„4 

.uZutT \ »•••»'“• V xupi.h.4 thr 

nriv I ■ ‘ hrpt rmiMani dwing 

. nmt n jy gradually changing a rcnistiincc in ».r«i* * with ihc iid«*, 

Ihc usual mctluxl of mntro! of the current through the tut*- rnahlrd 



^ aiui UJ Keep tile tempera- 

llli'r I *! llif lie,, et^ieslaiiii, 

Wr t) ...i l. .e ,luii,l«T tilU-d with nu'thyliodido or cthyl- 

.hhI i.f.^id.d with a \m' thin mica window to reduce the 
al.-.oi}.ii..n >.t ihr i. i!,-, t. d !.cant of X-rays as it entered the chamber. 
A .|ii.idia!)t . . tioui. in inc.ivtiied the ioni/ation currents. 

/ 1 . en.-no',..: /.•'mo. ■I'hiileen lines in the 1, series of tungsten 

h.ixc , u me., aued. 1^.,, 1 . and .t show typical curves platted from 
.icfu.d tur.,Hm.iucnf. oi, the .„„i .j, groups of lines respectively. 

I he jto.iiioi) o) .1 peak t.in .ilw.ty.s lie located as between two crystal 



aniilr *4 air apart. *\lt)rriivrr» a guoci ratinuite may be 

iiiailr 4f* til iiitifti firarrr l!i«" .irfiial jii.^ak lie« to taie of t.hc**se readings 
ill, .III tit ifir ntlirr. \Vr li'rtirvr tliiit, by making several complete series 
lif iiir4*iiirriiir!ii.*%, wr tiave imt atile lo cieterniiiie the value of the double 
glim tug 4iiglt% iff, If'i within less Ilian w** of are in many cases. This 
ail nifir i4 uol iimrr ilian an lo .oj of a, per cent, in the value of 
llir Kbiiit mg atigir, rlrjwiitliiig n|«m its inagnitude. The grating space, 
il* »4 i.iliifr 0^ kiitiw'ii to W'ilhin aliout 0.07 of a per cent. No other 
giatiiii: *ip4fi' 4ji|K%ii'^ III have lieen determined as accurately as this. 
Ttir bf ?ii fli-friiiiiiiaiioiiM of the grating space of calcite lie within a few 
liiiiMlirdtlci «4 a leiit. of jaijH X to ^ cm. We have chosen this 
tlsrirfoir, !«» ii#r in ralrnl.itsiig tmr wave-lengths, Hence, taking 
ihr giAitiiig of r'atr‘iie m fketh we may assume that the relative 


;; "7 ill inir imrM r%im$mw$n^ 

Thf /. 

Sidfs «r Ihf *rr« fiiwitioii of thr ^•fy»l.^l, Thr gl.,,,, u.i: 


■ i 

I M I 

!« ».i 

tl *.* ; 

,J *•• ? 


*"’§' ' il' 3 |SS¥«MW 

‘‘' 'IB 





f4 


$S'' 

I ' f :l y 


%i' 

-?a 

i ^ *. 

A A ■ 


f m %m i mm 


^ ^rnm 


V*#.. „mn’\4*W . ' 




’ t, 

' M 


mtt tmt* Mf^ 


• f* 

i' . 


'''' ^ '*' i 



rif. J, 


glancing angk-i for nt-ightorkgrrong «»in|«f.«.i» «.ih ik 

-gl-for*,.., y.k... 


«unk‘ in (hi. fiivt .,„(| •peetra ami t i . 

‘mk*r H{HTtrtnn. Fig. 4 *bi«ini tke V*”^ “* **'•* 
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• tti.! ilm.! I'l.l. I p. . !!.(. '! lict,. is a slij-lu iiulu-ation in ihn third order 

sp,-, uuni ihai ilu . !in.- ha- a el, . m- amUveaker satellite on its short wave- 

It* I! i; ill Nil it*. 

Lihli’ 1, iMiuaui'v flu* Kl^uirin^ an|*U‘H aiul ('imputed wave-lengths 

ft *r li ! , fi'i .tjii 1 ') ■ . 

rAlM K !. 

I’UJatHlfft, 

‘•.?4?Uig l>*s i'alt'lff *4 .... fi.C»5r> X IO'’®CIU. 
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If in iiifrii-ifjiig 1*4 nutr ili.it the wavedt*ngt !is nmiputecl fnnii data 
ill lii|.tlirr fidi'in ,iir ‘dii^hilv fAunlvf tli.iM thtwe einuputed from lower 
i»idrin. MniMfittiiP |i,i% iMiiiid hiitiilar dillereiUTS in the ease of eertain 
l4j|i|.|rr %%'< 4 %r tie iiiraiNiired hy tiii’ans c»f tin* erystals sugar 

aint gv|eaiiii, ||r Ii.ih 4t4t'ri|ieil the tiillerenees t<» a snudl amount of 
rrirai iir>ii .mtl .Hi»ai *4 the X-ray?4 tiy the erystals, llie clifTerences 

lire*’ iitiir'ih !e4%r%rr. air *4 the enter of magnitude of the experimental 
rrr«ii^^s. 

11ir r‘4iiitifi in Tahle IL etmtaiusour weiglited mean values for 

l!ir W4%-ed«"iwtir;, liira^tiiei! ill a iHimlitT of eomplete series of experiments, 
idir eiaii|iari«ini tia%r lahnlated the wavedengths reeonle<l hy OvenV^ 
aritl liy sir‘|d»a}iii'^ ill the ^rt'oiid aitrl nixth eohimns respectively. A slight 
fin rri ill III, to rate thirtieth of one per rent., has lieen sub- 

irat frit liMiii lit*" va!iir*4 they give in order to make their wave-lengths 
rm'fvniumA to i!ir grating eoiiHianl for ealrile that we use. Columns 
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part it'uliir Hifgluihn «l*>it{tH'»l *in iiiirii ftiing >tjw « in (».i ih* r\pn »» 
purjxwiMtf rtnlufinK thr I'mtif* ilui- lu |M tir{t.tiii>it «4 th« X Mti»* ihr 
cryatal, fit*., ttt a minitmiiii. 

(K'fin tUn’M nut itu ludi* fhi' lini » i .i»«l i| in ht» I.»t4r **< 

Ht' Miiggfsts, htm'fVtT, that tlif inatkH mi phuiugraphn platra mrir. 
f4|H>iuUiig to ^ may n'pri'wm thi’ iKj liin* in tin* K M-iir» »•< rn«»lvi»»Jrtniin 
in tim HiTouii orik*r itjHTlrum. 3\* thv liiir» t ami <j an- i4 i(mi«i'<|r».il»li* 
tlifon-tiral imjiortaim* vvf havi* ti'stinl thia pmni hy ruaininmg thr 
spwtrum in tin* tmighlKirUmnl of K«t for im4y)t«U*niiin ni tin* ti««t «.i.ln 
HjK'ctniin. VVi' fomui vvidrurt* for Imlh molyUlrniMn K,*, si«»l Ko#, 
but thfir intt'iwititm witi* k-iei than that of thf hnr «.• trjjaol a* I <? » 4 
tungsti'ii. As thf iiitfiisity of thf mtoiuI onfrr i» \ rt\ mmh 

k’HH than that of the* fii>t orih-r »tifi‘frum it is imjw»(«.il4f that ihr js ak 
on our furvt* Hhouht rfjirfsftu motyixlfnum Ki#i in ihr »»foi»4 

Critiml Abs(trjl>lmi U'lmr-Afiigrts.-- In grttfrai ihr m# aoimn# nt of 
critical absorption wave-lengths is more tliitirnit ami shghiK !* ns .»• < m .iti- 
than that of finission lines. In ortlrr to make sm h a tii«-.*stnris«» nt we 
usually place a screen containing tin* chemical elenirni to !*»• inteRtigainl 



ilx- I’-'H* .‘I !!!.' iu< t.l. nt Immiu ..f rays l.ctwfvn the X-ray tube and 
th, s|.. > ti. in. f. 1, tahi- a Maie.s of maling.s in tlie neighborhood of the 
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i‘t*rrr.s|Kjiu!iiig ionization current crystal 
table angle graphs. Figs. 5, 6 and 7 
contain such graphs. Owing to the fact 
tliat the altsorliiug substance absorbs 
X-rays of longer wa\edength than the 
ta itical wavi*dengtli to a less extent than 
it titles X«rays of shorter wave-length a 
sharp drtip in the curve occurs at the 
^ *<^1 I . j - . - I eritieal |H>int. 

* In hig. 5 tlte absorption drop is due 

tti the target itself, which was so placed 
tliat lilt* beatn of X-rays that struck 
I » ' I the crystal left the target almost grazing 

I , 'J I its stirfaetv Under these conditions the 

target absorlm a large part of its own 
radiation. Mg. 5 dearly shouts the rela- 
tive tnagnilndt^H of the <*mission and ab- 
sorpthin spectra. I'he absorption drop 
is the largest of the three critical ab- 
sorptions that have* so far been oUserved 
in the U series of X-rays. The glancing 
angle, tUi, in this ease lias been estimated 
by taking tho dilTm-nce between it and 
th«- kLhh ing anglr. Uf,,. «»f the neighboring ejnisiHion line. 

'J hr Kshi f Itvo abinijition *!ro(w fall ko tiow to emission peaks that 
good nt* aHurmu ntH of them ean not U* made without using an X-ray 
tube with a tafgrl of ,t differefit ehemical eUmient. Professor D. L. 
WeliHtei kindly lo,ini-»l »*• s«eh a tube, with a molybdenum target. 
Tumg it Ml obt. titled the eiiives, represented in lugs. 0 and 7 , on both 
nidt-H of the /rro We estimated the grazing angles, Oat and d„3, by 
nil . turn ini.; [mm the 1 enters of the eorresjKimling drojts. 

!■(»; 7 loiii.diis rurves for llte K eritieal ahsorjttion of tungsten, ob- 
tained n» the lit St, set'onii amt third tirder sfU'ctra. We are indclttod to 
lb, Steti’tfo.m for his assistami* in making these K series tneasurements. 

‘table lit, i.int. litis the gl.tneing angles and computed wave-lengths 
for the K .tml I . * ttai.iiieiis.tie atisorption lines of tungsten. 

U e Midt to t ,dl atteiitiim tt» tin* relative magnitudes of the critical 
.ib'ioiption Mave leitgtlis and the wave-lengths of the emission lines. 
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that of the ft trol^fon |jng_ i . .. , , 

•»H» that him* inmx nlmnnl m «J "’I*!** 

Ovi-m and SiiVglmhn. f^i, Ikn. Ltwcl,^ ** ***^**'* 

from 7*), ^i|{,j|^ a fraction of ^**^*'^*** ^ i**'* * ‘*»»*» 

on its short wavc-Jcngth aide ^*' '*”** '‘t‘|w*' 

to X O.V 

"...n,.™ „u. ™.i,« . / “ "■ 

«1 n».|„.„-, v„l„.. t.„ ""■* 

i o,«. ilu. ac,ur;i,y „f •WMd.'lfc". 

ment that can ia* mad** at 






its itir- It. {i»r July* mm, t'hi,inr» and Shinii/.u piildishecl 

ail at''r*itiii! »4 whir'll 4i«wvnd that radi <»f the a eniissioii 

frrrjiiriirii'^-^ isi ilir ji nriirn ri|ii/ilrt| thr diflVrenre between the K critical 
and rnir uf the L critical abmirfitinn frec:|uencieB. 
'di*ai!d b*’ tiiie |imviiletl that all tin* atiims (of the 
mmw i1iriiiii.ll rlritirin ? air r^actlv alike, i.c,. have the mtmi kinds of 
tifltii-. . lift', if ir'" and IFi fr|irr-Hriit the amounts of energy in an atom of 

^ I Lr i C'l IU<- U liitr«#irr liiltrn Imiu II by tJwniit atid 

I I « ii.c ill till* Cirifsit’An RtcviisWj April, 

I 
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c|iu‘iiry is givni hv flir ri|U4!ii^ii 

iiK .1 ^ ir\ ir. 

Similarly^ if If*.. rr|irrsriil,** tlir rnr-i^,\ .a xlu- -% a,- 
rlrtirciits lias lirru rtann^ril (imih an |. ^ ’ ■ * I i . .il 

aliHurialinii frta|uiiiry is |*i\nii !«v tin' 

kui - n\ ■ if , 


Accnrcliiig !n tlin tlirnrv a K*t |■|i4l'4rirf X 

14% rrS. 4* 

S d l/r 11 4 }^ 

nlrctrtin falls fmiii l!ir Lii «*rt>il t*» ihr lia 

.i«4 duin.’*: 

t!rin !l.n.nlr| 

tlir iiirrgy of llir alniii rhaiigr^ frMin {|\ t** U\, 

1 hr d>i!|v34' 

h‘r nit'ril 

these airiiHiiits nf niinruy is latliairti .it a liri,|iiriN \ 1%^ 
CH|«aticin 

llir 

ftKtt - ir» u , 



From eijuationk (i). (a) aiul (,v) 

Kia Kii • 1-4. 




And thin m thv rnlaiiun Umm\ f*y r\|.i«'i$iiirtii u* }i^4d Tallin thr limsiii 
of rrruf, 

!f, hownvrr, i4t»iiit' rsmtaiii ntriilii r|li|*|ir 

r^rhitH, Imlh Ka ant! Lii will havr diilrrmi %-4tiir?j tm ilir diiiriri^i kiiitji 
iaf atuiiiH. Ill fawl all rrilinal .usd 

liiH*s Wilt havn .Htnirfurrs. \\r li,n:r not icr?i aldr 

stirh a Htfucturi* in I'hn alipi»rjiiii»n If»i' «4i«"iwi 4l r!rfiicnf‘i «,*l lii^ti 

atniiiii! wanghl. Idirttirr fiir data iiliiaiiird ifii« %-r a I a I ^ I m « f .1 1 r I lir 
ri*pultl^ lirri%Tcl lll Illi*| yr#lf l.ri willlilt flir bniifu td rit«i|m* 

I nffcifi iiri* iiiuilInF lliaii iiir-4»iit'riiirii!*>, i»X'i ia? 

the Wiive-lengths jire ijveniKesi i»( ,i i hmiuU « «4 sn«t.i. s.lu »! <!« in- 
minntHHiH, (ft) wime t4 them were meiu.mr«l in a(w« ii .i ,4 h»gh» » ..ntrf* 
tiiui (c) the thin glttiiii wimtow iit the X-iiiv UiJn* itlt«iw<'i! .i l.ttgrt .Mteaimt 
of X-ray energy to emerge fr«*m the min'. 

I he following valuer taken from lahU* tt! »th*<w rh«' |»i«» with 
which the Ka eminsitm frequeneie* e»m.i! the ihlfn«iH*« U u»..ii ihr 
critical alworjition frequeneie*. 

V. 

Tmitlitm »/ ». >, 

Crit k-Mt AlwMtn tun H | 

K(I - I, Ml • * a. I g.,, ^ t , r, 

Ka - t,«i .. 4lfiS,a * a.* Kwt - *JUr f. I 


It is t. St ,!a.'. tlv t!t.- alunr law as applied to the L and 

eiiiu-al al.sorption \vave-lenj;ths have not been 

IIUM'-II! r» ! I* -I I . 

1 he.a. lu alK / h..u.a. !. it two emisMon lines in the L series are pro- 
dtu . d !.\ . . H.ai , ialliiiu liuni the .snw.T outer orl.it to the [.(p and Laj 

. O il. , lu. h , the <lil!eiene,. between their fretiueiicies should equal 
that b. ttt.eu il.e i«.. eiiti.al absorption fre.iueneies (except for the 
pMssd.le .in..!! ...ueitie.!. due to the eotiii.hw structure <.f the lines as 


|•\| jLiIII*'* I a! *? I\r 

|rr’i|lirlii if.''. 1' 


l!if hvtwivn tht‘ two critical al)sor|)tion 

1-^3 I Ml ■ mH .7 -t: . 5 . 


liiiiiiiu; !** ill*' r'lnis'iiMn Hiioa Wf iiiul that the fr)llc)wiiiig three pairs 
!i ri|iir!ii ililiririu t-H that e<|ual tlie difterence* lulwctai the two 
rrilii-al at:ra.i'|i!3»^ii lirt|uriicir«. ft* withitt the limits of exjHTimental error: 

* 'I -I l 4 h PH 4 ± . 2 , 

I-"'!':? ■ l-A MH .4 ;:t;: . 7 . 

I }»H wmiiIiI arffii t»:i intlit'ate that the eletiroiiH protUu.hng* the two lines 
ill a ftaii fall irian tiir ?i».iitie oilier l**or iustauee we may suppose 

that l.ii: and 1 tii ate diir It* electroiiH ftdliug frean one of the M orliits- 
MrdiHiirriiiriiiM m| the aiwia'plioii frequeneieH for thorium and uranium 
wtiiefi thr aiiilea't |ire'HeiHed ftt the Phystea! Society in April agree very 
irrll film In iioiln-a**, lairiher we may assume that li and Lrj are 
jiioi!iirf'«i In' rlr* iiofta lalliiwt Ifoiii ail orhii liefwtTU the L mid the M 
tii'liiin., I Ilia Of fill, however, has^ not been iilentiheil liy means of a 
al»«eir|it3Mii f rri|iierii'y ill the case of ♦uiy chemical element. On 
itir Ollier hand itierr appears to lie some ditliculty in the theoretical 
iiilri|iiriatir»ii III itir taisr t4 the thiril pair, for the frequencies of the 
riiiissioii Iiiii'f* aiul are greater than those of the critical alisorp- 
lioii llri|iiriirir'i- Lai alid Lilt rrs|iiaiively* 

I'tir diilrnaer iiriwrrii till* fretpienries of a fourth pair of emisBian 
Itiirs th ahiiiisi, laii not quite equal to that liefween the critical al.m.}rption 
f|r*|i|riii, ii.iilirly 

Lti I A 97*5 .1* 

If mould ilial ill cast* the electrons proiludng the lines did 

itoi loiiir lioiii rv4i fly ifie outer orliit. 

%ii>:liaiisd finds ifial itir differetire iti frequency between the lines in 
paini 4 ritr 4 HM‘% sligtiily m the frecpiency itself increases. 

1 1 un 4 #arirsfi «4 ui ttili iali|eci by A. ^iwrutrlrld in Atomlwu und 
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Making (Im i.lalivii^ , ..n.-, :;..f 
drctn.ii vvitli its vdiu ity h»- fnuls ih.it th.- . r.. .*, '. ^ J , 
III an dhptk- or!, it tlithis »o.,n U .o . , , 

c<Trf..pun(ling rirrular orl.it. J h,, 

filiptu- I.orhit.s pn«lm i- .s|HTtr., tha! .hn, r ,n . 

<it atoms with oiroitlar I, or|.„s. s,.mmrH. lo •. .. . 

‘■‘uv m tro.pu-m y oiivi.I.M hv i . r.-.h,, . . r.. 


**f i| 

•'*' - " ih, 
■■ ■ i' i‘,, 

■“ ' j 

' ' I*' . 




fur the I.sorios. l„ this npi., lion 


7. *’05 X IM •, 


whtTo r « iho ohrtron's rl.atij,. /, - m ,,, , • 

Vflonty of light. ‘ ‘’*‘»* *‘’* ‘'•nM.on .,m! < „ ,hr 

Ilto function rcjirmuting the fr. oui-t,. v i.o 
as the fourth iH,wcr of the ..lomi,- 

It conhiins an arbitrary couhtanf » tl ’ 1 ". *' «*1 rhiwnt. 

frt.m the wavc^lcngtlw in the X rav Ni*.,'lr' ’l”' ' *“ 

fit'ments. This value in H ,Oi !• * '* ’ 

i« the formula we get «, f„r the v ,li!' '*"* ' ~ ‘ 

interpretation to tlm almirLlIm of1,''(|*t v P»»>».ral 

that the formula tlm-ji n„t tike im ^ ’««fihrr it i» wnuh 
of the other electronn in the atom whni mrtVth 
t*«wrgy changen for the other eleclro«« i„ 1 ?” ” * »•*'«» 

1.I1I1..UKI1, „( r,,,,,,. ,'| ' ',‘' 1 '" " 

V ‘"7 ,.rl,i,. wmhi ZrllZ'T 

ItARVARtt UmvMstTv. ' ' *"** ‘■‘IMation 


Tllt‘ lltiiti Mi * I t i i l HH: Hgr iTftKV P « TtlVfilT Ol^CE MORE 

Hv Kuwjn II. I{A(.t. 

fl ilftswt I’lKinyM I.AHollAtUliy, lUllVAKIt Univkhhitv 
I iJiwmiitkiiM, Mainh 27, 1*M<) 

M Mw mcritnK »»f ihi* Armlcmy in NnvimilH'r, I ques- 

limu'd Jlir *»f ihi'» rquittton sw tomnutnly untlcr!it<MKl, P hying taken 

lUr Ivhiri rlfrit iun! J" the \'<»Ua rffeit lielween any two metals, 

lint I »li«l ««‘i inakr i»n ihoiU i*f ufijniitin rntirely clear iiiul wish now to try 
again, I»»f ihr Inallrr ii iin{M)rl,titt. 

If rtj»j»riif*6 fliiti KrKin. who »lrrivc«l this ec|ual ion from a course <if theo- 
tFinal irtCMOung. «h4 iioi irganl P a» ncceswirily the I'cliier effect only, be- 
lieving llnit n nnghf imhnlr s*inic uihrr, hilherUt unknown, reversible heat 
rITw t amnnisanying nnHcnirni of clwirir chnrge from one metal to another. 
C7, VV Kin l»an*!'«m, .iitiving ill ihr satne cqiiitlion l>y a tliffcrent course of reason- 
ing. hri«l P i»» I*** '<inn»ly ihr IVltirr rrtc« I, My colleague I’rofessor Ilrulgman, 
rriwaling «ifh wnne modiftiaiioni of his own the argument of Kelvin anti 
alwt lliai ill Knhitfl'wm, came at tifsl fo a ctmclusion sustaining that of 
Rh lwf<is«.ii, aiiit ii|}.nnlir«l liH un|»Mlilishetl |Hijwr to me for criticism. 

I nisinlainril ih.ef Kelvin’s broiMler inferpretalion ttf the P was i>robably 
she cotfct « »nr an.f vrnliire«l the Miggcsihin llwl ioni-Kition and re-association 
wiihiii ilir nieiali )i«*orilhig fo ihc tntts*'>!aw of equilibrium lietween tree 
rlrt irons and inriii! loiis, furntshnl the reversible Umt effect, additional to the 
oidifwry IViHrr rile* i. flttii Kelvin saw ihe need of. Hridgnum felt, however, 
ihal I Ii 4 <t n..i a»q».*»r»I id Kliiiaritson’s argument, anti acctinlingly I wish 
now III rrviir, hni n»*i bi w»ll«lf»w, my crilkism. 

'I hr jSHsage wlitiit I qiiiiiril from |*. Jh of bis hnthstim of PJ€ctfu,Uy ftom 
ll»4 lh;hri rndrd with the ct|Milti«»n • 

d.V « M + pdv\, 

In whkh «fA* h . tiange ol enUi^jy «f Um system an«l ‘V is iht! thange in the 
riirigv »4 Ihr »%»irin whiih aicum.ianies the tranderence of each electron 

W7 



iniiilll •* kui'.i;-’ -*‘‘1 iv ■>! * ,, ; 

iii'^ill.llrtl |4ri‘r nl iiirUil \%hkh k iiii.upiir^l u* *!r. tr,. ^ 

^IH ;i p;i> 1^11 »l UltHilli* -.itl*! i-l a *-vr7.i?;^ -n r-.r. ■.-> :\*c inrttl 

h iltiiilillr'V'. iriir, lltt! tii Im rift-f tu* 4 * ^ i ^ .i 

rkT'lriiii:'^ ill tlir ‘44tr tt'i*iii llir iiirt,4l, an '*ii\hn\ V'. 

liitrriiii* llic* tiirf.il i*:v rHinliivibtii, vrt hr a . nir.* . i!ia» ?itr -.uv,r I- fi . : 4 j.^ 
ill llir rt|linli*ill »ll»ri\"r Ijin*lr*l. I^r %iftu,il r«:t‘--4-54 m. Iirrnli!r4 

titiily, tii^lik m l!ir titnil «»t hn Iiih 4* ly,il 

It lO"' t!ti^* iirliinl iAsr, i4 rlrrliit, ihm. tli4l I ii44 m i«iri«l iilirii I i^llnr*! 
Illy rrtliii^iii lliiil lii'^ rr|iiiili«**i fur tlS kill* tiwl mth- |ir#ii kiii mlmimuf 

alHti, lliiil iif Itir iiirr»iiiiii|| rlrrlroii'^, inl-tlinl !»♦ ilir fluting llir 

linii iiiitlrr rnii'^ttlrriiliiiti.. 1 Ivtirvr tlwt thh .pli|r»iir*n 
llritipintiu iiiij«>-^iii|| my ttirwiigli my bil **l |»tr#i’ii»>ii m 'aaimi* ii, 

iltiilirtl Rk*li 4 f*ktink 4rgiiiiii?til »iii4 iii#i*ir liimwll llir ‘attir 

fliHi'iivrry lliiit I fiiitl ii'iiitir, m iliiii hr iiml I mr nmr m 4|firri«rtii srif4t4iiif 
till! iiiarriiriiry tif Rktianlmm^y lit* limit* il»i, «lirii 

iiiaccuriiry k riirri4iw!, Eirhiifti«^*ri‘^ liim *4 #fgiimciit lm*h jiir%Wty 
tlie mmr rimiill ii» Krlvin'?4, 

Arriiriliiigly Ilrklgiiiiiii tmw wrilei^ I*' Imirmi t m ilir ri|isii:ii*»ii iii iiurp* 
titiiij liiniliillii liy P* llir tuUil rinri^blr Iiriil rllrrl lliiil iii-t..«ni|«4lilr% ii %''itll»I 
«f I'fiiirgr fi'tiiii mm |4iilr lu mmihrt wf 4 iuiiilrfiii^ isuiitr iil 4ii"^ 
ferenl mytiilsi itiminti lir timy m»i. riiiirrly t** iiiy tlmsity m i*» tlit 

aclkiii iif iiiiiiiatbii aii4 fr^m^mmikm mikm ilir iiirmk.. 

I iMijii* itiitl Rnifr^if^ir |^i|mr* ilratiiig iiiitli tltffitiii--#lfi::lfkit¥ 

ill a liraiil wiy% will tm puhlkhml tmUm hm%. 


Itpfimwl Imm ili# Av4t»«i*¥ m Scwncis 


/VI‘/’lv7'At f i iiH HVPtyfUKSiS ('^F 1)1^ AL lUJiCTRIC 

i I <\I>t / /f I.V ; /7//*: ni( KMSON KFFRCT 

Hv I'l.wiN 1{. lUu, 

I'MVHH Al. I,AUt.|l.\Tt>»tV, tiARVARl* tlNIVUSSlTY 

CA»iiiiiiiiiiir*ilr«| |*iftttitry 21^ 11120 

At thr \Vrt-.!i}u«t..ii m»-rl)n« •>( the Kiititmiil Actukmy of vSeicnces in 
A|*»il, Ituo. I J,n-M»>tr«l two |»i»jR'rH thut not yet been published. 
tHjr till llir *./ /'f.uMf,- ,»H Fttrtrk Hesistame ami on Peltier 

llftU HI thi' uthrr on Tlmmnt CtmtiudUm in Metals, botli being 

ttfiUrn frMiit Ibr -.taiHljuiifit tif ! Hijil Kkctrif Conduction. 

The- Iij .i of ib»'.,r tvvn pujHrs auituiiicd inipHcitly the following 

111 . tiirf'r*i%r «ii |irr'i%iitr *4i*titltl, hy tlie atainn and the metal 

r!«*sri itiririw tile uH*4mnalei! -eleetraii conductivity, 

amt ilrt-i'r».r*r tlir firr rtriimii rondiictivlty. We might, then, ex- 
jit-rl ilir filial i\ l«* itirrrit^* iirider prcHHure in metals having 

a f'rliitivrlv ^tiiall value *4' -i- kj imd to dcmniHe in metals having 

II rrtati%*rlv hii|,:r %'aliir *4 rath*. 

II*. mlkmmv ititil liiivr exa^ptitinally small values of k, 

llirv f«r*tli*iliiv havr ricr‘r}iliomtllv large values of {ky k^)t and tliis may 
iirroiiiii for itir lurt liiat, iitmmg Iweiity metals examined by Bridpnan, 
|}tr'»r im-ii m^'rir llir oiiiy *siir*f to 4iow it detTeitse of conductivity under sm 
iiii traw of |irr%'aiir. 

%i If lltr ratio f is greater lit metal B thiin in metal 4, ionim- 
iiiiisl tm%m at tlir iiiiirlioii of the two iiietals when a current flows 
Ifoiii 'I i*»tK ami ir mtisl matir there when the current flows 

fiiaii B lo A Ah umuaimn k doutitless ftecmnpiiiiied l>y absorption of 
heal aiitl ir liy evtilulioit of lieiit. we hiive here an action which 

may 4 ^rn- fwrl, if ftol the chief part, in tlie Peltier effect. 

’Jh A*hr rvtrjilioiialiy lilfge %*altie of (ky + kJ that probably exists 

III tfi-H for the fiirl Ihat lieiit is abiorbed when a nega- 

ter t'lif frill iiiio tlii^ iiieliil from stiiy otlitr. 

A A''i ififsr-4w of j*irv%iirr jifolmbly decreases the ratio (% + 
i%>r 4t*mU 4 ii of heal where ii negative current flows 

fioiti 4 llir I 111 iitnln tiigti jirrvvure to llic mine metal uncompressed. If 
wr rail llm rfirrt of «t 4 ii|irr%^ioii fftti aiid Ihf cipixmite effect minus, we 



Hh..,.l,! di.u|*pi,r H ikf ^ *,) htiaam *er».- A^mimdx I *'‘ "'** . 
HWf. mMtm II d*vm..Hr of this mtio. ^nM dinMwiIj, tL 'iV ? *' 

■‘.hinvwla ilwmiM* thnmghoul the whole nmuTof IL f 
m mvmm through the whole range of 

* nmy taken as a mmmmyZ fSjL . 

1. lliemmi wnhirtkiii in a metal mav J ^ iT 7 ^ ' 

«>f « 1‘iraihaiiig electric oimmt rt u n, e i " * ***** *‘****^'»»'*»''»‘ 

tHrc graiHent ami assiK^ted eb^t,^* mi^lT*'***** ****“ ' 

the metal. “* "«■ 

Mh‘ «.lt| end. involving the ^ ^ ^ '* at 

A unaiilitative twit id ^ th»d» . ., , 

asswinpticms, indicated looixing notiMtlak Tra, '*«»«• 

Ms« those observed In the kmixM'ian idmerat ». *****’* 

whether values so br* hMTl^wfT* ***** ** ******** **««*«W 

*«ag«it»desoftheTl«^ W^led are «mdste«| with the 
the solid Imdy of a Slf ll^T ‘***’*«***« 

the vapor. " ***" ***«"*« ^ «*wgy than kmiiaiim, Z 

““•iKwyotihcmuiKmiiMta. IP™wlta« hnbn ^ili 

thomira, dr«t m nw wrfy "•’ «» 

I»wh.t follow., ^OJIfiOAf ffWJSo 

^ then ***• « ‘wertfww in 1 gm, ttf eleetnat*. 

fi • press, of fn» eleetrmw, hi dynes «wr -« o-- 

• the gts constant tor one nAetde «• . 

10 "»*. wwfwne, nr tor «m# » i ,:ff x 

TbrnpmnMT, 

.too to 


eteetrons. ' ’ „ ^ td the mi 0 i b,» !},r t*rr 


'' ,.i^ 'f' 'i ^ ^ -y , I i 


A-., •.! ..|.,vnu vu-ruu- n.iuiui-uvity (iiif to jiSMK'iatcci electrons. 

k, {».4rt Ml '.]•<•» 111.' fUeirii- nnuhu'tivity tlia* u» free electrons. 
k ? Af t»'la! rU'tiric CMiuhictivity. 

,• the cWin.n rhiti^v in fliH-tro mu)5. jueusure = l.(i X 
\ Ilir t.itrnt hvM ..f jht (1 ,■) electrons, in ergs. 

X' - the hitrni heat ut ioniziitjnn electron, in ergs. 

UvfvShn'M-. ( l ! is that the mere ntechunieul temlency of the free elec- 
tron*. i*. tMw.inl nmlonnitv i.| pressnre thronghont the unequally heated 
tnetitl. 

//r/*.**}. on ..Iternative with (.1), is that the mechanical tendency 
t»f the tree electton , is towunl the state «>f equililrrium i>roduced by thermal 

effusion, that is, 

ft : V' « w, constant. (4) 

Let t 1*1 figure ( l » la* the eohl end lutd // tlie hot end of a metal bar 
foftninx of ii eireuit itt whieh an electric current Ls maintained by 
thermo eleettir action, the lesistnniT of some part of the circuit being so 
gnat that the coiirlitions existing in ( 'll are very little different from 
those of erptiltlrrinm. In this ease the J«nile heat generated in CH can 
Ik* neglreteil in * ompariscar with the Tliomson lieat there generated or 
iihsrirla'rL 

t'oiitratv to custom, the dirreiiojj rtf the stream of electrons throughjthe 
metal will, ill this jiaj»r. la* taken as the dirmion of the current, and 
iieeofdiiiglv a. the ’rhianson heat nt any temjjcrature 7', will be defined 
as the heal aliwaliwl by the eler'lromagnetie unit quantity of electricity, 
tl ! ei elecinais, m gtang through the metal from a place of temperature 
(T n.'tt degree to a j»lai*r i f f {>.r>) degree. This definition will 
make a negative for eopjH*r and jaisitive for irt»n. The value of a will be 
cxpresserl III ergs 
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When the iimi i}mmtity of elvetrkity, (I + 9 ) electrrms, (m + e) gm., 
gi«*s tiinatgli the stiiv */f of the Imr Cfi, from the Isothermal surface T 
lo the Isothermal sinfaee f f- tif, the fractlrm (A 7 + k) of it consists 
of tier rlrt trolls ami the part (ffc, + Jli) of associated electrons. We liave 
now to lake note of the ehanges of energy, of various kinds, undergone 
hy iln sr rwo parts of the eiirrmt, We shall list the various forms of energy 
here eonsideird iimlrr ffvr general heatls: ( 1 ) hulk potential energy, or 
f, |*..trnlial energy, to which the free eletdrons catly are subject; (2) 
kinrirc energy of the eleclfim*. wWch we shall regard as negligible in the 
s<,- 4 w Mtid rlriti«m% and et|uttt to that of monattanie gas molecules in the 
free rlrriion'., !.ti rh-vlrk* charge |ioteiitial energy, the /' energy, to which 
la.ih ihr her .in»l a-cawialed electroiw arc alike subject ; (4) the Pf potential 
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the mm n( mmgy invdtv^ to the ktAmikm" Ikut 

fr.,„ -f r + ^r. due lu the hH^»« Z ^ 

nu‘ of f»*m|rrat«re. 
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iL « . % 't 
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hlikf 4^ k}m (I 4. ^ 

Tilt! illtll Ilf g|j llig^ #f ii^w i|i|^ §hM m * ^ 

hetween T and T + dT; tluit k Itvai alnaaM 

Irtmi this we get ' ^ ^ w t yi (j) 


“ M; + D'' •j?' + ^^ + . ■'-iic *'. („ 

* the ctiRciillaii f»l » . 
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« m If *Jf + mi - « ID 

twibtfacjting (7) from (fl) we pt 

# » — § £r 4. ♦ k\ 

* h ■ ne 7* l li) 


«!v« « i‘2(ta 'I'" "'"' •'“ 

ii« other ehifige iti (f| |g| ^ |^l 

...'vrr:.''c,'ry sd^r-T”-'”'-'' “* 

foihiwing erjwMtlong !,oJ4 aboveV ^ *^*^*** FW|<-*e, »hr 

and «»fP, 

C 4- Crf + rrfi 

w t ., < , and Ct are fowf untg s & * ' ' ' ' * * 
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I shuH. iijurc-uvcr. UHsuinm}- th;it the total heat of ioniziition per elec- 
tron »*> tnatU* Hfi «>i a part X ,, ctiu* to the overcoming of atomic attraction, 
a p.iit for the kitu-tic energy gained, and a part RT for the 

|iutriiti*il riirii^v writi* 

X ' K ,, j 2 .a /^(273 + I). (II) 

Keepiin: to hvpothesis (.1) and so using etjuation (B) for <r, I get by 
areonUng to ei|*.. (Pl. (10) and (ll), 

*r » K f- (AT, d- K,t)T, (12) 

when- h, A i and hi are constants,* tiefmed by the equations 

h i miiJi q)^ 

27:r,(=^ ( 13 ) 

A, - d S .A i t ^ 273(1.5 ,/))] (14) 

i * 

hi ■■ */». (1.5) 

1 have pnl if into the hunt shown by eiiuation (12) in order to make 
my expression ior it i'otresjajnd us nearly tt.s ntay Ire to that used by Bridg- 
nnin to set lorih the results of his exi>erHnentH. lU* writes, in substance, 

.r - (.1 f mr, (10) 

where ,i atui /*’ ate constiints, the latter laniig zero in many metals. . 

itrhlgtnaii littds ttoihing eorteH|s»mltng hr my constant K, and I have 
sjnmt tmich }al»a in attenipting tti get rid of this eonstant; Imt no reason- 
ahle assumption that I can inuke eliminates it fntm my general expression 
for «». t »H the •»lher hainl, equation (13) shows that K is the sum of many 
terms, nomr p«»siiive, aune negative, and there is nothing to show that it 
may not lie vny small. tia» small to apjH'ur in such exircriments as those 
of {tiiitgnian. Ai conlingiy. in dealiitg with his observations I put K, and 
tut the srsonti nirinlicr of 113), equal to zero. This gives me an equation 
of which 1 make frequent use in the form 

273( I r. ./)) 4- 2i3( 273(1-5 - <?))] 

(17) 



.\s to the .1 and /I of equation (1«), I take these to be, respectively, 
the ht and the A, of my equations, and, as Bridpnan gives the value of 
,1 and a toi erery i a*a? dealt with, f have the A', A'l mtd Kt, of equations 
(130 (Hi ami < I.'*!, replawd by del'ioite numerical terms. 

Thew thir. iquatitaiH now ttmtain the five unknowns, C, (h, Cj, X'o, 
anti q Ari.jfdmKly. 1 must aisunie values for two of these qu^tities 
in ortln h» n .diiaie the other three. As a rule, I have assumed values of 
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tlir jirrH'iit '»ti4lr tif tiiir kti«w%lwlicr* s*ii4 it ii-m ^ 4-.#^ 

tliat till' riitiii ill t|ll4*^lit»ll i.% ijiiitr m likrH 1 ^* ^|r, at !*** ifl 

ttir triinMTOtiiri'’ iiwiil fritiii it'" l«» An iiilcir%iin^- frUt«*4i t^0i%rris 

tliiH fiiiirlii^iPii mill Itir «»i tlff4giiimt *m «»§ irtr.idiiiT 

wiickr prtimirt% ill mmm% triinirrttliifr%. will tm m Hm |*4|^‘i 

Cm^S lit llinli IC|» tir II. fi- II* III IW.rHr «4 Itir W%rnlrris iiirliil% |t< 
wtlieli HrWgitiiiii gwt.^ Ilir *4 « itir If *4 rtpi^tit^s ^ ♦% Mii;|i 

etm^s art vf.rf tiw? U% tlral Wr li#i%,r k i ^ %**, fit^n 

(ir>K C f * tl* iiii!i?m% tf Imi iltr innirfilwIiH” kiir ¥^iiir ^».:% If « 1 % 

we hfi%T. fmiii rtjiinllitii CM'K 


(*i •« Kt U»f 4 1 ^ f' M >fi .Ih? 

SulMtkuting fw 1% iii rijiwli«ni %l7h m gri 

Q ai 27 ;llt.S i- si ill'* ^ IM; 

For any givrn vahit «( «/ thk tirt-MMiir # 

f • lv*'X% k* t.-IH 

where K* and K” are new wniwtani#. the value* *4 wlikli ik^iid nw 
This equathm shown lliai, for a fixed valur of »r isin rvfwrseni the 



relation of C t<» X*b hy naeans «»f a stfiiighi line drawn »«♦ tin m x’, » j*l*i«*' 
Such a line is useful im purposies of InterimlHttMi iiinl rxiraj»4»iti»ai 
It is to be noted that the metal* for whMi A', i» ii ImH *nt«! i«.. 
f<«r orie of which A, is positive, while tm the other it I* nrgatjvr 
Figure 2 shows the general tAmraeter of the wi i4 tj ^itatslani Imrs tm 
the first grraip, and fsgurc 3 doca the xame for i}»r wtiawl gr.aip 


i.'i.r l«.th (hiM- ^r.nsjis is a critica! value fur q. Examination of 
etjuatiuii ‘.Iimws that, when «/ »« l.a, ( l)econies infinite unless \'o 
at tlii- '.ana- tinit- hreumes (t; ami if X'„ heaimes 0 while </ = 1.5, C becomes 



imlftifiitiimte. l« both figure ■* ami figure a, therefore, q = 1.5 would 

iiii|4v II liiir rf4itriilriii willi ilir (.' iixk. 

!f i| ill rt|iiiititiii (IP) }iii^ ii vn\m \wimmi 1.5 and 4, C will have the 
k u b jumitivr {fir the first group and negative for the 

grttiiii. AiTiH'iliiigly, ninre negative values of C are meaningless, 
1,5 ► «|* vl is jaiss'ililr for llir ftrsi group hut not for the seetmd group. 

i III uiih'li l\i i.i ih*t iK There are in Bridgman's list five metals 
(iir wliirli *»t' Ih h not ^-ero. Thirst^ are aluminium, gold, iron, molyb™ 
deiiiiiii* iitirl llisilliinii. I*iiiiltiig the value of ( *, for a given combination 
Ilf i| iifitl in tiirliib, in n sninewhat roundidiout, though not diffi- 
riill, jiroiT'***.. The at hiuml liy use of equation (15), then the 

viiliir of I "j tiy iVie of 1 14 1, then the viiliie of by use of (17). llie q- 
ttfiiHtaiil tinr^ lai the If' plane are no longer straiglit, as they are in 
If unit 5.. IPgiirr *1 their general Hliiipe for q » 0, q » 0.5 and 
i| t, til tiir raiigr f ' ti to ( ’ 11,20. It is to be noted that, though 

lii i% |iti%iiivr ill iiinl lliitlliuiii while negative in aluminium, gold, 



4 iiit tlir lines in cpicilkm art of the same general shape 

4 iiil affiiiiMetiiriit l#tr all five ftitlals. Tlit value of Kt is positive for all. 

wf rifiiiitioii {17| that, when q * 1.5, C is oo or 

iifilrtriiiiiioitr In tlir liiftrr we imiy liave either X'e * 0 or Ci » 

Slilf'i, 


When q is made hirser than 1 Imt ♦miller ih.m <> • , , ,!'.w4 

of C result, in all live of the inelaH. ho far « < I h *' *• e^aunit# ! t*., ni lUcr 

The followiti}* tables represr-itt my n-mliH i..f .d! >•« tts<- elt is., !.? u , )..♦ ‘..iK 
for which IkidKinaii xave the value-, oi • m the .Uie . h u u-iu-l s„ 

A dash ( ) in place of a numlrei uulu .»?«•>. ih.it «hr uuraS , * ,i il l W 

negative, and that a negative value in the. jda. r e, ir,;..!,!. 4 » . nui..,, a,!,. 

The values of (4> : k) at li*r' are found bv ice r.|u «i$..!i :<( 

The &a of these tables is the ‘ ioni/mg |»..tr«tiii nmlrd > a 4 r 4 l»Mg 
with the attraction whieh an eleclioii nimt ovrt...«ir »n thr |,o,rv, 
ioni/ation. If this ioni/ing jmtenlial is 1 v» 4 t, t>-f rvaiujdr thr 
work of ionization is idmit U"tm k ergs j*ri r!r»ii..»i flo- 
work of ionization, to provhle the kinetie rnrigv and the e rot .4 i|,r 
gaseous state. Is 2 .o HT ergs j»rr eleelron. Tins at •« ss.-nhl »««|«ur an 
ionizing jMrtential t»f idHiut il.b.'iH vtdt, winch rmtst l«r .nldrd t., ifsr 4 , 
of the tables in order to get the total ionizmg jioletiiial ni . ..it -. 

The general signifieantT of these table > can In- dlnsit.itr4 j.4!<>ws, 
with numljers taken from table I If m mbali the salnr « n .»»***. 
the Thomson cfTeet heat, as foitmt bv Utiilginati f«a the tneiAl, taji Iw 
aceounted for either f>v 

taking q • 2. d tt2, t » ^ b'd’ * lo *. * t - '• 

or by 

taking!/ •» d, Aa » mil, r j ~ obt « lo i » — o 

In the first case {k/ + k) will lie UMlti at liar, svlnle m ihr str,..n4 ta.*- it 
will IK‘ tl.Htl2. If the value of 1 is H»* 4. ihele are »'*ttrsj»-.|nluig s ables of 
q, Soi etc., that will actsuml for 0 . A like statement ss«»idd h>.H l«a any 
value of V Indween dll',’ and a«d bu miwitieilns .alw-i sahiesof 
this ratio. 

Firnt (irtmp: .V/etaf* /or uhuh <m-i A » — o 
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' If there i« any eorobuwtiim of y and 4. «b#i will make i‘ - «» in 1 « it« 1 

must lie very near 1 .8, 
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ni»» a|i|»r»ir ill Uir>««* iMlilr!*. for ttw rvastHi tlmt a for this metal 
%» iHrtt wr )»ivr hu {oritHtb f«*r it. Zero value ftw «r could be 

4i'«'uuufi«l im, 4 « « to tlie jirifu'ijdes of this pajH'r, in either of two 

a* (H) ^hinis, (Jt, + k) iniitht la* zero. 

ii iii e.juaiioii CM tve make fk/ + k) a ctmstant, of whatever 

Valur/ ,»M«t l i mo ll W W / .** 

Thrsr frtldr*., like ll»r r*j»rrimeMtal values of a by means of which they 
!*ie matlr, loa r oo ijfrat jirrtriisiwi to amtracy. Fw example, it is doubt- 
ful whnhrr uiur!) liuitiiiriue can lie placed in the small value of Ki, 
Vrrv lo-atH o !«*l, i.ajml bv tbidiitnun for K«hl. Yet the effect of neglcct- 
tiij.; this ^.ibir St .oiittileralile. Iluis, if we cal! Kt »> 0 for gold, we get 
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CtmipuriHoo irf this with t«hl»* lA sh«»w<i Ihiti iJ»r »4lur .»! Kt. 

smuh SIS it is, iti»k(*s » Ural »»f tlUfrinn*r in ilir v»h»r» uj th«»M^h 
ownparntive Httlr in the values «( ik, < ki at |i»' as « ah«tatr«| inr uH 
of equation (10). 

Uncertain as the values of (k/ 4 k} are. Ihri«- is Utile l«« «h*iihl 

in mmt caws, if tay theory is stiltstantially wii«4, as Im the «lireri».ai 4 
change of these values wlien the teinjiriaiiMe is »a»sr*{ Aeisiritlintty 
I have tfividetl all the inetals reprewiitwl liy the }»feir*tMit; laUlrs int«i two 
groups, in the first of which ik/ 4- k\ is grralrr at Ji*» ’ than at o ’, while 
in the setsmd group the ratio in questinn is grratei at *» * 

For most of these metals Itridginan ha* delnmmetl ihr pre%*Mms*tt 
cient of resistance at 0* and Uil". hW ntagiirsuiiti the value at ti* laily 
was found; for bismuth the higlieiit lenifM-ratuie u»r«l was 7.V F«a alt 
of the metals here consideretl except bismuth ilie ctirllii'iriil tit qursiton is 
ncgative>~that is, the resistance decreane* with nictra.se «4 pressure-"" 
but for bimuth it is positive. I shall make uw of what Itritlgman nails 
the oeerafe prawure ctwllicicnt, the avirrage value of the «virfllcirnl through 
a range of j^reMure frmn (I kim. to lHUUtl kgm. per square mitimeier f 
shall let e# represent the value of this coeffiriem at il", and t,#« the vahir 
at KM)". 

In accordance with what ha* fieen 'said to the opcntot jiaragra|il»s 
of this {mper we should, ollter things being equal, expes-t * l*f 
numerically, with incramie of (*, + *) to nwtals for which » is ucgatisr. 
and to inereaw with increase of (kf 4- k) to mrtaU Uw which * i* ji^wUisr 
Acwmitogly w« might expect {xia, — ##) a- t, to be, to general, a negative 
quantity ft*r metal* to wHieli + k) tocrtases with rise of trm|irfalMre, 
and a ijositive quautity ft*r metats to whkh (kf * k\ detrcascs «uU liw* 
4 temp^atute~-bismuth of course ti^uiring excepitnaial .,aisi«lr» 4 ti«m 
The table given Iwlow enables m to test the validity *4 thi* rs|ir« Ulion 
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Iron iliR''* n«>i HI Uh'» liihlc. fitr tin* rvnwm tluit, an table 12 shows, 

if sbirtilil »*«» iiHh S«i ii<a» 1, 1 1 Hiitlt r mihu- eoiuUtiitns, but into Section (B) 
uiult'i lithri i‘iin»}itit»n«4 Jih vatui' mI f#) -i vo is about 4%. 

Tlti'* il jiMt Hill* S«’»'tin» (,lJ. wiiultl make the mean value there 

1.1* , ; J«»t »«**' S»'»‘tt<«n ilh, it wouitl make the mean there +• 2.3%. If 
(If; J *•! lor iron Ktr.iier than Ul* at which scents likely, iron 

Irt SriiiMtt ilU. 

Thallium ami altimiitium •*h«rtiht «»» i«b» Section (4) if {kf + k) in them 
is les*, than 1* , at «» i . hut the. is im;>riibable. 

It Is l«i lir niiM’iartl that for each section of table 17 the average value 
of (*i» »»! i comes out with the sign it should have according to 

tlic jiieijiriHsiis of the dual theory of electric isinduction, as used in this 
jiajiri. a wiriin wigii lot .Sretimt (.I) and a ptm sign for Section {B). This 
can hardly Iw l»u«e act idem, 

t j»,/er ((ypatlum ili) 

All of the etjiiaimiis and all the tables of this |)a{H.T, thus far, are based 
*ir air cmi-sictrni with "liyjiothesis (4)." If hypothesis (B) is 
iidoptrd iiitfrad, etjuatitai (H) is changed in the manner already described 
uml the retiili m et|natt«ats (13) to (ID) is to replace 1.5 by 2, 4 by 4.5, 
and »i by 7, Ml the parrtitbrds (1,5 ' 0, (4 q) and (11.5 -- q). 

The tr^nUmg tables, for isilralt and liismuth, the only metals for which 
the ralculaimn h.i-» ItreM made, are given in Tables IH and H) (below). 

lU t mnprtf of ibc<«> two tables with the corresjsinding ones obtained 

by the nsr »f In jiolhrois (,l) we see that no radieitl difference in the re- 
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tlir illtia iflltnillrtl in llir |^r%ritl |i«|irf r-||a%l4c 1^*- !:•»> »« *4 ft- 

liliiiliitii tiirfitttl rtwliirl^iii iit ilir $$w%dn S^ir mrnh 

^ Mt| I# I I* iJfllilWfil ||«^ r*| ‘i i = #4 i^|**et *«» <s«*« IV/#, *** *ii 

#1 1*4 il|4li l«s*, Itt . i^^m. 4^^, $ 

fwitirll mimtitm %kmh% li#%r m ^4 m »»5 

^ i*fm y|4i## 4^44 #1 Cwiifti##- l,%*l I ||» 

flir^ V4llirt #ir liwl wmt%h4 kid§mmm *? 

4riWMllw» *4 f III f ilf^nink^ wi **4, ft. S S «» I ( 'V “ ' •rf » 

til lir tlir Ir^t mmUuy »t«l« fs^ Ifei tmmmn 

* TIm^ 4.**»witi*'! ilwl h*.€mn%mm% 

* Wlirii |#i # If li mlnitr, m ilbr <l»sw wr«.Nf>-S m »«‘j 

rimliH* UwuMim «w Ibr I'.V Wdwt/" #•»«» 4m*» . l*^.-w* r«? •■•» . * "''i- 


•n/f 'V i \xi> /7//.;w.\/,u. riKxnrcTioN in 

Ml IMS 

Hv ivJtWtN if. ilAI.l, 

‘ijt il. I, .\|ii »|| AT»»tn% l-NlVMKSn'Y 

i -HiilHfiHr I lulv M, 1*12(1 

! I- 1 111 ilw.,- i'Ki >v«iii*iNt;s f.if Miirch, 1020, is ii paper 

in whn h I in .u inunt loi the ThuniHttii effect values, as found 

In HuilKiu.m i.<i ju.uiv mn.iK, in accunhuice with the hypothesis of dual 

r!rtili*i' is«ji . 

rsiiii* tltlci i4'»tiiiiir*i li%" ihr itirllitHh «if llmt |m|K‘r, I was able, as I 
*.i.4tr4 at flir \V4'4iiii'ittitii iiiri-iiiig nf i\w Xalu»nal Aeadeiiiy in April, 
i|ii4iilil4tivrtv fur !!ir valiws f>f Iberiniil etmdiietivity 
liiiiitft III a iitiitiliia' »»i iiirtaK at I’lmin ttaujH’raturt*. I stated farther, 
lii.rt%rvri» ibal llir emilkieitt of theriiial euuduetivity indi- 

ealnl In' iiiv r' 4 lriil 4 !i«ii*-i far loo large to aeeord with the olivious 
mid iliai a rrveaoii ul inv fontiahie was therefore necessary. This 
iimw lierii made, enables me to den! pretty satisfac- 
fiirilv «iiii t'oiidiirtioii if mv asMiiiiplions arc granted. It in- 

ejsanicr’-* in %m*m of the mimerical ialdcs in the. paper 
irirtird to. bii! It** gieat i-haiigr in llte inrlliiHl lliere followed, 

I1ir with ninalitat III), wlikli h changed by the snb- 

^titiiliofi of V |.*r V? ;i, ilial il ntm' ^^lamN 

I /; (I) 

%%:‘lirrr i r-t vi .'.ai'aaiii, wtiiili %'-arie^-s from one rnetiil to another Init is 
grtrairr iliait it.a. Tlir k* of i\m cijnalion is the number of ergs 
lo nrp.itair i.iir eleilrmi from Its iitotilic iiiitoii and leave it free, 
4 ^ 4 pailalr, wiiliiii 4 iiirlal, a coiiHbiiil which may be different 
111 iiiflririii iiiri.il'j, 4iifl H h llir ciiiisiaiil ft»r II siitgle molecule. The 
iinoHrtI III like soifte others I have made, may 

^rriis iiii}iiMb4iiir, Imt, 44 it so far m I am iiware, conflict with 

tif |*fiitt4|ilr4p atid iis it IIIV purpose filirly ifcll, I 

!i 4 %r frit |ir4iiir*l III ailtijiliiii il jiriivkiomdty. 

A'i tlir i*a.il *'iirigy %%'tikli ii fire electron imsscsHcs in virtue of its 
iliiit4iiri 4 '* I itoaiaioiiik g4% itiolri^ile is ’i4.i Kl, the kinetic energy 
4 ii>l i!ir f". rnrm% ln'titit taken logcilirr, tmd us 1 iismiriie Ihiii this energy 

1% 4<#|ll|tr4 III llir 4«.t ««l n4ll#4llto||, I }lll%*C 

4-. Ilif iiiiiiiImi *4 ri||% fct|iiifrd im tivcrwiitiiiM ll« iittractions or repub 
iU4ts iifr t#jirt4ti%"r III tlic ilct wf frccitig It siiiglf! clfctroii from an 

40iiti. tioiiri llir r«iiitlilioti« wliicli |ircvail witliiii a solid metal, the 
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In II jKijHT iiirritdy well utivioiiTii I idtitU iiiwlritukr Im ilum l)»iw. I^r 
thi! (la<» olitninri! in thr |iit|irf rtmlitr ih t«* gn iti ihr way i<( t» 

plaining tlicrimil ciajdiwftwin In ilit? nirtaU lirfr driili «i»U» 

' Hi|. ( 7 ) )» idiudiiril rrww r»| «)) irf w# )»#»»» )n ilir rt# .Vv»i..t »4 

Atadfmy «/ Stwmfn h»r ApiiJ, Wl». Py tiilwiitultHit Iw .• <*««» »•) » M »»«t !•«)*( 
Imkkh «>i|un(itw hitvr a )n*tr«t} $a mi wiil ilwti mmAuic )»m* . 

* 0 / (tf Amer A,Mf «/ Vol W, N«. 4 . )«!(» |.(» ;;wi .s **»4 

Thfw* vtijitt**! nn iHrt rr^Miirfl Itfidgnmi #» Mtwalc. )iir*(i •<i 4 («ut»-<) (lo •.r«'‘n)*l 

dtfivtttSwf uf t* w (, VMiurs, lltr immfiiimit, »«mi laitw «* « «)«.)» ()»f » -^cin 

to tie the lies) >iViii)4tik iki# t«r the |xe*r)i( {otfptMe 

* I'twx iiii«*(i»)»K (hilt y'i k w»w.»i»in. 

*Wti«i{*^+*| iite(l*ille, wehavRihee«ii 4 )tl(M. 4 )<iru*r«e«t )o lov "TWiwwi 

e!«hrte DiapaiBi on the i*.V i>m. Amm. B*m$s Prtinwiif. I»U«. 


t,VI» Tlil’.RMM, l'(K\'in'(’T10N IN 
Ml- IMS 

!U lunviN H. Hm.i, 

•. iMV.Si.I lUl.-MU-HV, HaKVSHII I AIVIJRSITV 

i .itr*| fiih- 

; .. •: ? ; l» U,,-.,- i*Huv Hiu.iN.iH fur March, lh2(), is a paper 

)n «lii. h 1 un.lm<«-k l.. iU ivitmi i,,i Jhe 'rhuiiisitn effect values, us found 
In !■'« uiaiu, im i,*},. tn accnritaitce with the hypothesis of dual 

liv thr nirthiMb t»f lliiii I was al)li\ as I 

mtatrii III llir titrriiiig nf t\w Katiuiua Avmkmy in April, 

IWSK *|iniiiiii4livrK'' (i*r tin* vdum tif llii^rtnitl cntuliicllvity 

liitiiiil III 4 liinir til iiirlat*. ill lriti|aTi.itiiri‘. I Hinted further, 

Itiiwrvri* ll'ial llir Iriiijirfniiiir emihriiiit tif iheriind euiitluetivity iiidi- 
riilrd lie iiiv r'4i|c iihiiif»isH im im% l«i iimtrt! with tlie olivkms 
liirt'e iiiid 4 **l iiH*' iVirtiutliir wuh llierefure iieeeHHaty, This 

w}se-|i ln^rtt iiiadr, rinilde^ mt* In deid pretty satisfae- 

li.trily willi thriiieil if luv lire |»n.mied. It in- 

iiiijiftf i.irit in iuf»»4 «4 the luiiiierierd tableH in tlie paper 

irfri'ird 1**. I«it le* |■;i'r4t elnniitr in thr iiirthtiil there fcillnwed. 

Tlir ir\ennii wiili riiieiieni it lb whirli h eluuiKed by the sub- 

*4 » i«*i - '-i** tli.il d imw 

t (i.) 

wlirir . I’t 4 %%}iirh varir-'^ imiii «tne metal bi unuther Init is 

i^ir.iin iluiii :* 4 . Tlir \* *4 tliis rtjiiiilitui is the iiiiitiber uf ergs 
irtjiiifr4 In -.‘rpiiiviir iiiir rlrrirr#ii iH iilniilie isiiktii and leave it free, 
m A ii 4 ‘* fMifelr, 4 titrbil, h a rniiHliiiil: wtiieli itiiiy be cliffereiit 

ill tiillrpiii iisri al-. 4 ii«l 1% e* I hr i*tiiiaiiiit fur H single molecule* The 
‘4111111*1 i«ai iii^Mb.rtl III tike Hiiiiie tilliers I have luutle, iimy 

wriis ii«|io»b 4 l»li- blit, 4 > it lint, w far as 1 mn itware, etntfliei with 
r%i 4 lili^lir 4 Ml aiid as it itiy piirptise fitkly ivell, I 

lm%'f frit |ie.lilsr4 III 4 t|fi|itiii|| it pinvistoillllly* 

,1% ilir 044 ! rttri|fy wtiiidi *1 frrr rleclrnti in virtue of iti 

eli4i4*iri .r. 4 iiioii4tMiiiir- tti*»lmilr U i-bu Hl\ life kiiielic energy 
mpl thr I rtiriiy* Imuiiii takrti logrl.tier* iiinl m I liMiiiiir that this eiitTgy 
1 % 4»f4|iiitr«i III ilir 4*'t *4 I Imvr 

^ %% b (s - a.Iillli; 

.e. till- Mi rifft tri,|isirrtl f»ir «ivrrr*if«iiig the altnicfiotts or repul- 

mm'f iihiih sir M|irf4ti%v III llir art nf freeiiii 11 diigit* rlertoiii from an 

iilitiii, UMrIri llir » ivliirli williin 11 nniid iiielHb The 


stippimnl iiirrr*iNr t»l with f r*r *«! ^Utir tn-4% i,«- 4iif 

tfi tilt* til tin* iiirLil. 

Tlir iiiriiliiiiil *4 .iiltl 1 %. t h.i^r y%r-l ^ 4 #' iii 4 

sliiill |irrHriillv iim* .ii;4iii, I** mth lti4l 
i\ ■ I*, ^ I iX’. ! 

I' is tlir rlrrtroii i*liii.r»^r, 

TItr rrVMtiii k^ivr^ rtjii^lioits 1.144 i hi , u#^ «4 m% |*tr'it.4i‘i |i4|m 4 
iiiicltiiiigrtl, tiiii ill IM'I it 5iiil»»^litiilr-» h # I i«*i m tlir 

ltr?^l trriii «f tfir Hrmiitl itiniilit^r, iiml iti iPi it t i|, in 

liliirt* tif Ihhri - i;|i. 

I’limmd i^HkliiiiimL iti IhHrmlwts I ilir 

tltctiry: TIsiit tlirriiinl rtiiiiliirti«.i|i iii u iiirtal «lisr ilir 

mtbri Ilf It rirriiltiliiig rlrrlrir niiinit, irrr rlrrirr^irs tlir 

triinn'riitiirr |♦:rittlirlll iimt ii|* 

litiii lit lilt* lint |iiiri tif Ilir iiirliih lif'4it,. 4ii4 ir 

uspriiilitiii Sit tlir rtilii rinh iin4.4vini,f Ihr rijirr4**ii *4 Iir4i I |*io 

|Kim* tri gn m fair ii% I riiii iil jirr^^riit iii ihr 
In II t|iiiiiitiliili%*r lr:%l, 

Ah III my pfvvkm% ’1iy|it4!ir.’»ri r/!'4' mil ilir 

lliat tlir iHirrly iiirrkiiikai Iriiilriiry *4 thr Ircr rlrrU**ii r. 
rcjiiiilily Ilf |irr.%»4iirr Itirniighntit tlir iiirial l.hiiiri llir^ Ih f:*4}ir':.r^- liir 
rniiclilitiii nf rtjiiililirtiiiii in it ilrliirtiril iiirtal Imi haring m% c'4»ililriltrtl 
ttrid jM^riiiiiiiriit lriii{:ii*ratiirr griidiriit h r^|3tfrv*rf.| h% tlir r'*iin:itr*'ii 



Tliisaiiiirii fpiiii riitialinii II | tif my ji,ijirr in llirw- h4 

IMS, liy fnr n iirmriliiig t»» rniiiilinii (;*? *4 ilnti |M|»rf, 

wliicli MhmM tw 


Tlir llm iiirtiik^r nf (:i| m Jna girrii r* Ilir %lfriigl}i »4 liir !§#» rlrtif**ii 
eiirmil, tlir triii}i*.^riiliirr gfniliriil, uml Itir witiiitt inriiilif't r. thr 

sirrtiglli tif tlir ii^Mriulrtl rlrrlrtm mmwmt, ii|i Ilir iriii|iri 4 ii«r .iiiiriik 
|irf titiil *>f llir liar. Wr «iii irwritr lainifn 

for ^iiiifiliril>% Ilir ill wliirli {df 4- till I - 



llir trriii hil^i #11 1 m jit»%%il4r *4 

till! lllli*t|iliilly Iiriitril ft»f tlir Ifrr rlrrtf«4l*t* Irntlftig I*# tlirin 

dttWii till* trill tif r piitliriil, li« 4 ii fit*' 4itf 

tn tlir irwiiriit t»| tmirmiiil IdP 4 till, wliirli tlir 4llll 


I* t\ * u— I fir Irrtii uH*^ :• dll a c*tirrespciiid-” 

au ir.* V, iTn ** lla-- 4%'^-.*»ri4lrit rlrii.rfiiis. 

IIa a .. a 5-r. '. -rfi ^ ,av4 ! \, \wm% rx|irrv-4al liy ri|iiuliuii (2), we 

!lia t .. .4t % *■.! .a Ihr t4!|MN iJI; ■’ ,i /4 ,tlll| Ull\, dT) to 

L.i’-# 4 ' >a4«- I •^'..ui -.»'-'4aiiir- ilir *. $11 I tfi !r* negligi- 

.t‘al !l < *111 r»|ll.tl If »|| I^K 
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,\rff»i*iisi»: saa'^ * .*riar |»ii.ai ^4 liirriiial r«iti«ltirtitiii, we liavr fillly to 

itiiillHilv rit!'4-t '^4 tlm r-*|ti4ie4i l»v k, ilir aiiiiiiiiii nf liirri^y rrcpiiml 
1*4 Ifrr 1 tlir ilirl.al, |*r| file %4ltlie o|‘ lltr theriTial 

i'i*||4ts* it *5. ^4 Ita' tlirt.il liial i-i, %%'r I.’atl Wlllr 


%k 


Jl 


fill , *irr-* 4r^. « 
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Wr IIIIS4I 4r...il wiili ilir iiitlivifitiill tartiir^ ill llie titeiiit'ier 

%:4 l|ii4 i**a- if tii-rtiilwi'iltit ltl4l k - l‘„, f- wr ^rt 

il" k 

.1 1' ~ r k ^ 

4Ii4 % f Ilir k" *1 r-*|itall«ili i ll 

%%*■ 


*1 •- I 4h 


(II) 


rt .... '\|V ^ ^ ’’ ^ 

< li *.4 , -rif*.. i; s- Lie.mii. I-,, r> if h Ifiowio Slllia4lllsat!>% 

ira. |a-‘rittiir ^uli ratii ilsriitl b t»i litiil liv Itki! valtirn uf X,/, 

14 •; ^4 Mul V fls4t %%iil III r*-*lllliiirillll4l 411411111^ fol Ill'illgllUlt^ vjiliie 

.4 a, till ria.iir,..!! rflrvl. .tipl tllrli ifailll lltr I1l#iliy rt Ulltiilllliotri lllill Will 
4*4 tia * 4 li 4 ltr| lililillirt llllt %%lll aHo plf' llil* kllOWIt 

%.ihfr .-i 14 I Iitpr. 4 lrl%- I IIIII-4 iliulrf l»il.e lo liltii fftHfl tlir roiiiliiltiitioiw 
Ibai fu.-f Ilir »tir^ ifwl %%'lll iirwtlfll |iir tii* lir roli^htetll 

4. all Ila |1|4 1 rilr. I, Itiii I ^’liall Iiol tl« tliat ill llii^ 



ill lilt; tis t!i* * r. ’i''"-. " ’ ■ ’ * • '* 

|i;i|>rr. tlir iiirt;il*^ Mr «ln'i«lr4 %n t. ^ " v-' - t 

ill l\ | .Hill hj III liir ri|li4tSMii 4 - . ' •/ t * • -i* 

I*ri|is| 411^111 ailll Mr tir.tit %%tth ^ ^ ‘ ‘ .f 

tliriti liy Ilriiigiii.iii- lit fiittiiisi;; I' . .1, ■ v !v ^ 

C.» Iriilli tlir miiiiiirtl^ tt% vil . I 4 tUt !. r:, 45 ., •. < * .'n* 

rim-tliririil'^, Init lii.% ^Mkm% tttili %ri% iuh i%itr, *.^1 4, f.n-.trt 4:,, 

Stll^4lltllr e«i||fltir|l%'itV 4 I Um tr|H|^-l4lllt«- i Ij* ^ ^ 1 .4J:m 

%tvrn ill llir lir^l llfir lniir.illl llir nmmr -.iis^ ptrt.i! ^Utt\n4 
tlir Wtirk «il Jiirgrr iill*l lHrv*,rl tirif %l,. rMr|*i %%% . .r.f 4 

f«i 4 itlltilr k frfrttrd U%-. Ttirv wtr r%|«|r -ixrd iii ^ .it » i« . '.rt „ |4 

( \ r ‘1 iiiiil C I Mr ri«l'’»lii!li^-- III llir r«|tpitr«ii 

ii%, -t ^4 # ' .»- « 'j -«■ 

'flu* I *4 lIlrM* ijtldr"*** lltr i4»|i^.|^ilt \m%l «.4 thr |m4r iiii,„ii,;'" 

i*X{lfi* 4 Wfi ill ^ tiir t«it 4 il |ii|ii#i|i^^ |»*|rfitr 4 l 4 I ' i . ,.ii«r| 4, ,, 1 -* 

tlir tiiliil i«ii«iiii^ |iilriiliiil #it tim" C 
llir Irlirr ...r iiit|iiiiir'% tlir r%,iiiiirt|rt| jn^icfiit-r-rr *4 iilnili .iir 

itiiiimtl jit If' if Tlir fiirllitnl i'‘>- gi%cii l^lrt 

firtliVmif; Mridh k-. ^ .4 . - «» 


%* ,%mM I |4?|ia|,4* 

I*., - K l*i -- iiy,"#. 

0 ^ '#■ m I r*||® r'^.. 

If i| - I .Vi 4i«t| I -** i 4ml r 4 - i« ^ i 
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■ s I 
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i *|rg t' 

^ - w: ii.. r.. -- 11 at ^ iir ^4iiii C iiiiaiM 

. >»» 441 ^ ■■ ■ iwm i ITa ; 12:1 I j j I.CIl 

‘■■a-. < ■■'''., ^ '.t . -Ji. f- Mfl^U uhiill h.., < I* lillif *■ t|. 

"1 %m-$i '* |<i**iisii' iM 

k„. -* i l«^ V ■«:,.,« am III ft,, - iH*;^i| ^ it itlill* l- #,,*i =«» IJa 

# — 4 :* I rlgi^ '<|r|i. i', 

II ~ I ^'4 M-mt a\ ^ ll*ri#. t\ - 12.211 >■ III *iiin| V ll.rntl 


.2^ ! 2 « r^» , - liliili J ■■•• ti*ii*i U i :i.ila jiMi2«ip.iittWi j IJIi 

i . IMS li* *, k m - ll2 -« V -*" *»2lil. '!■ #|») ■« tJKl 

s ■ .1.2 t I' ri'i|'^,'4rt. i"' 

It «. r 4 :% !< i »«4 «4 4. i 4 »mI lluit «tll Kivc thf risht vtihu* (or 

•». trtit llir .»l«ir «»l lll4l frMlll* H lIHUil t*»* -HtStll, I litlltlUf tlt’ul 

>. til f4« t*4iK 4 iili ■ iwItttuHM 1*1 jiir^irtit, ttwiii^ !•* Utr vt*ry !ttrg;t* wniitivi* 

4li«« Uj ;,» Hi».|*;»«.»f« I»I«*!* j'li it* #* « Vtthir wIiMi is iitHnit tfti ti»m*s us 
.ff rti 4-) til..-. 4r*lit.«I.Jr liMiit Iht* »*«k «if Vtirimis otlH f iinrHiiguhtrs 
fill, t«.!«r.l ilir UtrmiiM'tnHlrir lnphttviiiT nf this lUitiil. Si't% fur 
,i }*»|»»i iii' |tr»>il Allii I'lflllitirt* l*htl, < V**i' hl| >*t}| S<*rit*s, 
:< s*i , !i |.j }«,«^i!4r itMt llri*l«llW« h«» niHilt' tliisl.ikr in tills filsf. 
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IVtr |f«wi tliif III ^ I|l%'ril fur rri|#|iri Hflil flirlcel. 


TmiM IM 

4, - H ;,i% * ill - 0IIA4#|« IIIM; Cts + ftwl * 0.Hl 

,# - • f -.-lH*iil77lf i rii^Mif^g. C. 

|l «| ■—* 4 .'H -4114 .*' >--■ I Tv ■ail*! •«« li'l f . ,^ ^ "■■''■M., 71 til '** I- 1 ** *'■’18.0 X 10’”* 

r' - « 7T 

H '*1* ! * u It 'i , « 1%'* . j ' HUlMI j IT I j iT.Ti | IMWfl j IMM|ll|ci.77ji 

'-i I tsWr i?- 



. illt I* t* ,i iP ■■ ?i _ 

4n\ Illli4l, 4 |Mtlll‘l till' is:r*;v-.! -l Ir^.. 4,4i-^'4 I; ■. "... . 

i-rfit IIli! *d .1 -I* 4 « ?.%!?.:^- ■■' *. 1 ^ * !'• ^ 

III .rl ’ |l^ , ilt.in4<' l^4}l ' 1 ! * ' ' V.',*'. '. .^;. . -4 it, | t, 

till! |4| '-ir^rllti'i li <^'4 •< ’» ISi. 4l3*l4tK^ !!*,-. r -J , . 4 

% .tlllr H| ^ 4** l^4ifi*i *- - -I >.&*.. '! 'ja ^!c< ?u-.<' ^ i||f» 

IVirtiiiitiliii l'■f■4tl*? I4ll^^. I’* m mttr -i* ^Srt «J?.iss '. .4r;4 r* :«■•,*. f!'i 4 ^i I 

III ufll^ 44 lllr^^r k\.v-.r'-K its*-*'-*' .iktiliir4tu*s .its^ ^;-44 ! '» «Ji«* ?Jiv«| 

'h| lilt"* |f 4 j*r'i l4ll t** 4 I .$lilc ^4 '^„ **■ ; >41 tlir 8 r),;|j4 m4*' *4 *. 

til nitlr «4 tllr^r w%.rtltrrii « 4‘>r->., Ill, 1 fr, \s IM I'f *“«« /n^ 

St ||4*^ I*<*rli l»«lllli| ji| 4% Il«.4ll4r 1*1 ^rl 4 t '<4 . ,mi 4 % tii.il mill 

4 %'rtililtl till llllili^iliJIl”’'* ^ 4tt4 lltr 4r'»iir4 *r \ -4 tfm4h 4 ii«| 

In iiiiv lr 4 M»ll 4 l 4 r 4t".^trr «»l 4 * t%% iiH *4 ir.i’j*- ^ f%^r |4 

Iliilt tif Ili» llir i.illir 11 li III tlir r*|tt;ilii*li 4 — J; , ; « : 1 ', i*; 

ill 4^. i4 tlir tilliri rl^lli tlir %4liir ’<‘4 ^ hnr ^*4iii4 inLii^cl 

lllitll tlir ri|H^ fwmiit In' r4i|i«^-fllllr|ll *4 tii«|ir'4tr.| flic ]’'< ! i^slr In 
Iniir i*mt**^t A%, At, Alt* i'll* tlir 1 % n |ir ^ m w^i|r_, |||,^| 

rtf Mti, It 1114%' lir i^i*mt«lrfrtl*l% i^lratrf,, l*ilt iIiih -.i II t *4ic, in fifir, 
ttlitl nf C«i* llir ilnii^frritirtit li*>|irlr%,%i%'' gfr-iit t«i .iinl iii 

itiaiigiitiiii llir r:iilriil4lr4 i.tt* "-i- 1 % lr%% tli4ii «lir 

Tlli %'illlH^ Ilf ft tllif }tfiri*lllili^r wf |f*|il|ril ^lllipi .1 pi;cl„il. l« 4 s. l. 3 ifrW 

i*^liiti4tli^4 In^ t.if itii" f#iifiiiitl 4 * 

^ fi I 

t> ^ -. -r. 

4 K i 

VVhfH i w tifkrn a* wr Iwvr, %ntj»»i*%tiiwirh , 

tf * I !•» HI « « - I *»i V i*» 

»»r 

t • '» n X »«• a, » ,h, 

where p b the ituiiihrr *rf ^Hnim «»i ihr iiiriJil f.x-r m nM ,in 4 ,* »* ihr SriigiJi 
•if the ''fiieiwi free |»tls** id the iIk- 

C«»wniiai the value nf f, I Imve W«i aiut «nii *«#» miivli »i 
AiIatUM aiwl Chapwian, in a «4 ilir rflr. i * r^uiMitir.i h u* 

Im ill nipper mit far Chhu A X »» * i-m . whhb i* «»aa*i M «jHir% ihr .In 
laiiee frtaii wulre H» iTUlre id utljatTiil aHau*, if a .uliual ,,tijni^,-ntrnf 

4 tlw al.nn.. i* ai^umnl, CmnpUNt. K T . aii4 I!*...*' ..an Iw.lr.l ih.ii 

phntii eleetiM-ally exeileil eteelriai niay mnr ataatl .* * Hi ' .»« «» 

plutiMuiH, abait It lime* the milrr in mure .fMaiur 4 th« 
^prwtofttfly & X 10'^ eui, tn gt4d« nearly tSi limr# lii* ai»#«u.' 

1 have taken f ai III thuetlliealinnie ilntaiite-. thin *-.*«< ’ ?» = 

itml makitit; 

y • iJ.Si X lit'* X k, X 

A Hindi fciiMtler p<*tiBttle 4 I than llu? une I Imve mw 4 n. 4 »l 4 .Ivm* 
trmw fur my sjienibtimix m it wnuM give liirt(e valuer •, «ii4 ifm* wi- 
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it--hu. r..^v.,4'..!, .li:t..tilH f.'j;..nliiJu -pmlU' hfut. ivvni with 
sh, .V 1 h.,..,- n,.,*!.- i)„. U-nj-ih of I. the inllucucc of 

‘ - *»'»• »i»»hiiiiee of ioiiimtiou with increase 

i.im-ro.i.io . jSt. iHi-rtils a rather serious question. 

1.. t .i.. V.:..a i . u»e ite.st imfavor.thte ease set h.rth in the 

j,o . - 4111 ., t.s'’-!.-.. u ill XI.; 1 ,, .„„1 , r, :,aii,l X',, ■, 4 ti(i /v' and 
! ■ «. !, e,. .e, rh. lu .a !.V the free electrons in the rise 

! ..JO \f,;o. mo X **• 5 '■^^^(n.VM^.l,.vvhile the heat required by 
tlir oe. uii. oHou ». o J;*| eal.. a total of tl. 1 1<) cal., which is 

i.itlu i iiioo di.o- half r|u- i.a.d .jienhc heat «tf Mj; at tt” C. It would In* 
e.ea h.no i . h.«. . 1. ahi« • of ,f. , und X’., for M|< which would serve 
ihe of she t-qjcr tthih- .ilfecUu^ the sjH-eilic heat less. Mort*- 

oi» r, »t » i j**--. it-h- »haS i jo.ii »« .It. r than I liave taken it to he. 

lalfh' t> o'l'. jeqi»i m ijn‘.e /’»>%«'« j/tiii'i for Mareli, IU2(), lunv re- 
qiiii* > »«%»ao»i Vi. I e. X|.. a«.| 'l l ^onq* inlo Srattoii fA); but the Kiwral 
testiuioiu -4 t!-.. t .d<h t. inane. um hanKid, the wc.iH of the last column 
lnittK ‘e'» I *•' . • ‘w.iion i V< .mil f 2 17 ', for Section (U). 

|i irinane- >>• !«' a «n whiihri the theory I aiit developing can deal 
•.unT«fMlU vvHls III* reft HI efini \ jif* hiniit.iry esaiuinafion, already 
llimlr, III. lilt'll %'i 

«8t»w y AS i*if rl*' e-tisfu-r 411 .iliillL, iVlfliiiit l«* rt*|Ciitri;lwl 

*41 4»3 tr ■:! «t t 

'' i’*'. I* %|* 8*4 ' 

^ III fin l„ i »'44 Iilirtrtriil |<|r4l|||i-|^ 

* i%u M4i 

* I/'.. .4 %|4t| .^iiM m 




•j lll lutllH mi t'UV THi; A!' 1 ‘KUXIMATK HAI^MONICS 
i\ Hi! l\iH \ HM» M'i'i'rRA OF DIATOMIC C.ASKS. 


iu %\ Krmn.n. 

.:-4.c ■**■4',, 4 ^Ilir *ii}tiinr*H inirlirr thro- 

s>>!k'4*i ? i .vc, <•■■, jAi ill liir Irilfii-ml siMTtrii 

.1 li>\ j a- ^ * ", ^ V. <4 tilt* Ii4%v i»l' ftiici* gwwriiliig the 

*r:Ai'w %8, - 'H. ■ ^ aiMiii#. rtir*«iii|rrr4 Ihicr iliflicwItlcMS it iiiil 

r t ' ^•- . i i?x.- ii g.svr rt ntiio ftir thr iwymmetry 

. i.r.nA-c. 9 ‘ ^ ! .. •,.*4. I hm%4n, ii wm. Iii iTinfllrt with 

s4*a.« :i 3 .. sSv. ..■.%. H %u^i tpf 4--U0mg i'k*kf‘$ liy|%ifljtr't#,i' ilimt thi* mtilc- 

, ,,>,a A .-.♦rt-.-s -i s'rCr,, sl4tr» «)! rilttiilblli limi ihut tilt 

I,/. .ru ".'vr ,i At** 4 'rtrtin|Hr 4 hf ih** riirfg ^ rmittnl *ir itlimirbHh 

a, -ivr *‘t/ A - h wrttia !...» tm%r tlir tUflkiililrjs lurntUmt'd 

in i ' - o. .4 4^*«niwl,«4t flir 4tlltw4 |»frsr*«||« || fitU lllTDtllSt of hli 

SAivAM s>^*- ■^■i am* lU-* h $^iAi 44 kir;« 4 4 rrrrii*i«* In till* frttrjutnicy (d 

*, , 'f ^ f '.at.'' i ■’ av tvo »;a;..:ks uk 4 iih ill*. rr 4 aiitg 4 iignl#ir vrhii. 4 ty» Ii cimm*™ 
i ^ i"ji- . ' ..,.-.^*1 \ . ^^4 ihr Itia |.<j*4n4 tlwl llie itiwfy glvt*« tllft 

.< Tjwfc .f r. ' t?.*- '^Atv * ‘‘-I iVr A.sil miiwtf r *'M#iai 4 tnia tinly il ii l« iwNsnmrii thiU the 

£ vr .“.‘.A ^ & *%' ni>iu%hm la n*ii iinlir 4*1 l*»r iDtiiry iiitiibii in the 

P.AH-s '< '= -1 -a 

ttw sinth-«.*f‘a ih«*iy «»f lln" «iry«.l,tirr tif 
*' A. t Uj*.- ' % 3 '- n a «?:#*»># i.' 4 'Ii4'f|i inr»4%'’r® 4 iiiiiior ronlriidlctioii in 

|> .r ? * . '■’ s um a . . -I ..^A h .5 c.- iiw* . --AD ImiAM iImI llt«* tMtiM ill till* liitefwiliri l»f liny 

» a ..*-13 ats I,« 4 i »4 i» i#i«tr|irnilrnl tif ilie lrin|»mtiire. 

I .a ....|| 4 < «.is .14*1 I,. I,.1,wf0 * 'a*# giva-F k.*l4 «i «l|vli 

D. tK«*i»u rn»N. 

1 % i<,i«r. ih. «siijr» j,(,l 4 > 4 »r»| .1 iiin»roit'.i! jw|>ir' pmlicting th« tK- 
r!f«i«n«‘ « ‘ w Ji.Mi««»n»«» 1 “ lUi* |Mtntin.il aFwH'ptkm hsmtb in 
ibr ii»Ss.» jr.l aj* , ti .1. .4 lluHiry WiiM lam'd on the 

4M»in«|f«4. •» ds.1,1 i!sr Fifin «*< ibr rln ir»imi*i{i«’t»’ Wiiv»*H nMliaUtl or 
.iWaW.I F* 4 i|«. 4 r «iu«l \m- ri-l.Uwl to tht? ftjrin of tlus 

^ ita .ti>' 14 s« iF* iiiiii( 4i|i-tl l>y ihr flawiml iik'Ctritinagntitic 

!lir«,is It ili.*A ‘«o .ii'»»iuiU of ihr ntiH'HtH’jn'ity t>f tlio liiw 

i.J « jS»«" of tlto ttloiitN of il tiwtoinic 

ftt.dr. Hk . -k ,h».«s. .oa .4 kiioiim aloMK ilwir line of finiU-rsi haying the 
.«»i|.'.i;*s.t* a . *!V.! F t l»% tl»«' •jii.iititim thft»ry imini tlrfart roiiHideraljly 
*f,k- aor.,. 1 . h.ow.ao. Aiv.ir.ling to lAtHrii-r’it theorem the 

' I js |4 4 . '* ^ . i 


Ilf niiilfrii frrt|iitiirirH i t '' ^ ^ 

lltllltk tif lli,llt»lllii* %%'hHll .il*-- '* -■ ! t'-' tt.« .: ‘ ^1,4* 

iltofllir viiir.iliriiiH liiiiirr i.- v ■ 

fi.lllirtl liy iiiiil li,iriiiniii» H, Ah ,tii r%4r;*|nr' - ‘ ?!>■ • - ■. -..vj i’ ^ 

Liiiit iKiriiiniiir^, l!ir i»lr 4 ml 4hM.*»i|4w.=ii . .u!- -*;? j.t 

rilril »il itir tiiiir, %i'lii!r 4 lilrr |m|m-i ' \^% Ih | II 11 .: : v.rr.4.^'«“ fl'.^ 

writrr rr|mirtril flir v rtuititu l-s.a n !h 

t!ir ififr*i"rrif «4 Itkl 4n4 IlHi, %%'is^«h hi-li 4 ,1 

vrrifir.itiiiii tif flir ilirr.ir)'\ 

llirri* liiiwnw* ilirrr iltliirtiliir^ in mstli t}p- 4tm>%r 

rx|lklllillit»ll t 4 till* r»lim^rV4tl«»ti*t. * « 4 » thr tkrit tin* * 4 *m~t%^r 4 

Imi r lilt lit tr^ iitif in r^ 4 i'’t, llir %V4^r Inigtli **f <ln* m r,i*1i 

liinilg friilll II, 11^5 # In 111145^ gt'r-ilri' lli.in % .inHil.sIrJ, 

(li) tin* kirl lll4t tilt** irkltinfi lllr iintrrli I % 1.4 llir 

fiiiiiii'iiiiriiltii 4iitl lyiniiniiir 4l»^trjiti*iii in ilir Ul l --nyi*** ifinii hm* 

iMil itiiit iimiirlrft tiy flit* itiwiy* 4ii*l n liir $4 itir 

tlitwy il«*lf wilti Kirrlitinirt* Uw. In itir dm4^m-r *4' *111 4liriii,iit%’r 
ex|ll*lll;'llkifl Ilf thr jlt|r||«i|iirii4, 4il4 ttl |4 itir- mliririif |»|,.ii|s^iImIi!V 

ilf flir tm|ll*llli:|lii.ill gi%Ttl tin* Wlltn W 41 % $tirii|ir4 t«* ^tfltsinilr thr 

cli.^cTrimiicir» Cfi.| *iiiil |ii| in 4 rii^i *4 iii thr 

dtsjm^rairiri riirvr (nr t|ii 4 ,rl^ in r'.il-rtihitiiig tlir m 4 %'"r Iniuilii*^, ,1114 
til a«iiiiii* llnit tlimr liarinniiim rnii^iilntr 4 kmit fk*l0 !« 

Kin'lllmllk hlW» Hr llnw i|r:f*iri 3 1*1 rr|ii'*|t |||4I tlir 4 i|i*j;ilr«i 

by Hntir in liin itiitiry nl r»iili4tir»ii 4ii«l t4 .iiimiiir’' »i,fiirititr .iillnnl 411 
iiltrriKilivr rK|i!«tiiiilitiii nf ttir til«*irr%4‘i.| jiliriimiirini n-rififc In 

thr nlmviMtumimml itilliriiliirB, 

TiIE Al»rt*irAfl«IK tn? Ull|||l*m llvt^i|4t|i^|c;% t«* 

Viiii4?i^fct# 

Wr priM.wtl ttl thr c4 lintifk tiy|ni|lir^-p tw ilir t 4 tli 4 tii»ii 

frciin 4 miilwilt** ^I4ir 4 fr it« 

it mkim nf nm-rmimUim, rnrmly, fn^ititr tLifr* «ii 

viliriitkifi* Lrt r tiriiiitr itir iiiiftiln^r iif nmf nf ifirw- #tr 4 *iy 4 ii 4 

ht ir» ciriiiiir tlir riirrfy t4 vil*r 4 lii*tn Ilir Im- *4 i^tfr 

gtivrrniiig tin* iiitilinti Wm% iiwtlifirar, tlir fminniry nj w-* 

will itpiit ihi* riirriy md thwmlum wimiii r* In mrm*Unr%- wiili 

the earlier form iif l%ftrk*i thmfy w# ^m%w that tlir mrigi ni % 
i» alwtip an intiiral iiiiilliplt nf km. mppymrms$f imir ». 1 hm 

tl't • fkm, f (1*1, I* s - % I, II 

* J» li lliliwiiiitir mt*l It c:, Kmmhh^ Ptm. Um* n>ci , |, 




/Jt : . ! 

‘ ’ 

I 

ii,t . ^ I • 

. ► » - ^ ^ 

11, ^ , » .r . . 

;* ! < •. ..n I‘ - 
t 4 t !'< I 
f U t * ’* 

M*l i * ^ , .u 


h^ In nn-^'i% flir aii^iiLir int«iiriitiim <if an electron 
' ■>/ ^ ’-‘t -‘li ■» ,uiiii5t III* mliirnl tirlciw the minimum 
^ the iiitra-’ml alisorplion hands 

'* - o-iii4ik in trill* oi the angular momen- 

•^ - ;■ -I- ■ .t* ^ 4:M' . I In-hr rt aHiderarmiis create the pre- 

‘ -2 .uu iila.iioiv tirgrre u| freedoiii as well as 

^4 iirrdoin imiHi always he greater tlum 
ca' >1 ^>%huii /riM NliMiiiii tdiinimifed from the list 

' »» alw«\r ri|iialioii., llirre is some evi- 
h^a%r%rr. i}iaf .airh 4 geiirnilixalton is in- 

\%ill a*»^adiliglv Irll ll|■nl. 


|\i!!i Ik hi' .%-*U thr lnp^alir?aM ilial ilir frrf|tiriiry of the radiatkm 


riiiiltrtl ».'.i ah:-.. ah^'-»l In ila- iii«4riiilr in p4:^*sing frrisii tile steady state n 


0* llir sOaoH . 4-i gi^rn h%' |hr irhltioil 


'dr, ^ . UV , (,) 

r«aiil'^oiii;ig il:ir';i- a*5.^aiiiip!i.»ioc, wr rdaaiii the hittnwaiig expression for the 

radiaiiMii l'iia|ii«ap ii-*i t'lnitlrd %4 ; 

■ f ^ ( 3 ) 

If I hr iscapirMt V iahiaii^ai %%'rtr tninpleiety iiidr|Hmdenl of the 
4 io|»htiidr. a’% in flir 1 anr i4 411 idivit \mr-M iecillal'or, the fref|ueneie8 
riiiiltrtl alol 4h'a4l»i‘*f w -4ild all tr ititrgi4l liHllliples of If the 
firt|iwi'H % ■*.-‘•1 tirarlv imirfii^itleiit ol i!m iiinpliluile, the 

|ir<|ii» 4 iMir-n *4 ihr i,ith,ii44i riniiiri.i 4iid 4h%ortril Will lie approximately 
ititrgfal dir *4 vibralioii for small aitiplitudei* 

1 }ii» ilir*:4 I „ ihnrhar, likr ilir lalirr, |irrt|irt» itir t.it44irreitre of (apjiroii- 
itialr^ l!4ifo«'4is^-r iliotigli It $%%rn il$rm 4 diUrreiil $iilrrprt?t.atioru The 
fiittti 4 iiiriii;il al‘'>.4|»ie4i h-aiid oi ilitr t»i ttir mtiirrtlirs jiiiii|iiiig from the 
|ii#i p| liir siatrn *4 %il4ati«4i to tlir iii44iiitl Cal ordiriary teitiiR»ra- 

Itiirii ilir ioiiiil«'i «>l iif<(4r* iilr'*^ ipjiiioilly ill till* ll♦*t'tlllil sleiidy itiite is 
itiliioiraitmil . teloir flir lii^i fi4isiii*iiir k title to till* inokeiilei jumping 
IlisAiti ill*' Isiftt s*ca4% itlalr !«.* llte lltinr 

i ri ti^ . h*m' tlir pirwni tliroty iitrrlB llir diflkailliesinieottn 

h| l|ir haiiiri 

’\hr f». ! fts-a «l»r tt 4 %r Iriiisih »4 ihu mUrf <4 »ht' "harmonic" 

ifs «' .4* hi * -'I®.** i.IsflC# l'r*l li* ^ litllc IlltJft-* ihkin IlHlf oC thi* WIIVC* 

Snsgih »4 tJtr iii» w’ifh the new theory. Wc may 

ftMsiits*" .«» •* <«■!< ,»j»jit»«%nn 4 lw*n l«»i' lh»il the cijuation 


** If j ',f. i,t, # . I *■■ .. i»- 4'^t 



In m"!i»itr%'rr llir ^'4 I'j, lU^^' ^ i.r-. 

wlirti till* *lill|ilililiir t ^ ^ ^ , ’ , , 

sliOllli! ilirrr.'Hr IjV 4 Hlinillrr 4ilii4i!il %%lwn sr. :r-. .i:*- . t:. ;.- \l^r 

smniii Hlraily ?^t4lr ti» thr lliint ih.m %%lirii if ,i f,- ty 

m*i'iiiti, Mu\ tlir frr'tjiirin'V •4t*'H*4|w"*l m !s^ »!’,<- !i? 4 >,** i4%' 

It* thr tliiril .^liitHilil lit* 4 litlir lli.in tm-r .it, .itr 4 m 

|ia?i.Hiiig frniii t!ir lirf*l t»» llir 

Ill tirilrr lu 4i«m‘ llnit tlir jirr^nii tt%rmv w *|ii4iit4in.'r .i|,,irf“iiiritt 
witfi itir pli?ii*rv"r<l rrLilivr *i’tytiitti*4ry i4 lit*' nsit.i i*"4 4l«‘i44|*tii»ii 
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liiincli Ilf HO if ii iir4W.%iry In iti*liilgr in »«i#iir iii^iliriiiiiiir'^t 
The* writrr liii iitnw |iiililiiihrft *1 full »rr«nnil *4 hi» ilirr*i v «i llir 
iitriry Ilf itii* iiifKi*'rrtl iil»#rjilii:*ii l»4itik *4 jfi4 ilirfrlMfr 

wdrtitiiri thin ifijMirliifiiiy In ttm^iii itiiii tlirtny ni t.4ii|4rir l«4iii. 


The Ammmmm' m tm Imuhmm Air^iir?n*% U,%\m nr 
lliMtinitr 

Aeccirtliiii tci tlit dmttmtUwf tlirnry nf ilir *ifii«"iiirr i*! iln- mh.t fr4 
iilj»r|Jticiii tiaiifii cif ilyitfiiiiii* ^mm gi%--rti liy ll|r#fiiiii^ r.i»li *4 tlw'iir 

* E«ftffa« Mit» I., p*. |»i,. 

• Tilt ilitfiry wm lliil i#i m il^ l-v? is<4»* i«'4 

Al^rpifift ll»!tfii ©I ismm mm4 Om A|<|4iriiip.»ii ^ ymrnnm 
tteiii” friifi l^l*iir llir »4i si 

d %lm fwfiikl* wi ite ili#twy Ii I4 tm tm^ m Om *^w5 «4#4 

tteft. 

•N. i^ffiiiti* rn-mm miy, ipt#, Vmy i- II. t%rmk # 1 * 4 , 




1^,, ‘ . 

I I ' 
fii:t ‘ 

t.’i J 1 / 


•% ilir rlirrt nf ||n* iiitikTiiliir rotations 

1 Hinirs t.) t‘U-!ii, jit.iry hands w iiuan- 

'» !■ Hu!-. ,uv ihrin^'ivrs td eiuitc appm-iahlc 
■• a.'ii ii thrin hum !iu- cianpusifi* haiit! which 
!'< . im iui nt lifsiynatc them in the re- 


■' ■ iiituiii hill-..") 'I he niiileeules are as- 

' ‘ ' ■• ■I.- i • hiijiirncy w. Hie radiatinn einitti'il 

- . d I ■, i!:.- . uh . hSu.Ii |u(at,- with t!ie frequenev e, is 

h.aw,,a, tiKjia-mi. , ... 1 ,, , Cmtsequently the 

m. 4 .. ’a!. . h.e. a a. .le^ail.i, vrlmilv yive rhe ti.a pair of narrow 

.(hv.!).!)..!! ha. . tth. .1 a.Miahun UH »},.• Imjiienev scale is twice the 
ItKjMrmi, . ! 111. .Viuoling to the •inantiim theory the 

jic<|Ui e.. H-'i >d i. s.ili. n imcit .iSl t«- inti j,.t.j! miiltijihs of a certain basic 
(iciji). n< ). %<-Uu !. A. la tiu ami*.! y,, H.-m,. ihi'only frequencies 

r.lfli.lirti .Iir fJii'i'i.r gi%rn t»v lllr kirillllla 


* (s) 


Hiiin ilir hnrn » «>iirn|H*ii4iiig to tiillrmii vainrs ni p should 

In' r*| S%m r »d wot' j if it ill lilirs C'tirft*,H|sutc!ing tO 

raiti vaiiir t4 f , 0 'r *hir u. thr %,onr gr*niji f4 iiifilri*w!t*s, tliry shcmhl Im 
III iir.ii'h ilir siiirio,aiir,^4 14 tlir liiifs rorrrs{Kinding 

1*1 ilillririii v..ili«rq p \ Hith itir luiiiiltroH i4 iiio!rruU*H in the 

rofrrn|«ai4iit|C' I '«riini-i|uriiilv ihr fargr iuiitl of wtiirh these lines 

Mr itir t inmimmrnin ts.iir flir griinal 4|ijrar4iier of a synunetrica! 

i|r*ttl4rl 

I1ir tog frioitr nh*m'n ihr 4|’ijii%iraiitT of the priiieipal hand 

ill itir iiifr.i "irt'l ii oiii of Jji ) 4«i oli«rrvrtl |.iy |.)r, Hrifisniade and the 
wiiirt liisjir.id **i ri|ti4llv »4i4mh the niiiiiiliiiii lines are oiivioiisly 
rjoart i«*gri!iri Ilir jiigh lrr«|tirnev »ide and It is mddeiif that if the 
tiaiid m ,i r.|n4'it-tatirtrr of low rrwilviiig flower It will 

afifiiMi to U' 4fi dtiiildri, ittr tiigti frefjlietiry iiiitximiim 

tiiaiig ilir mirmr llim gtoiiji of liitr?! iiiiil file iipjiroxifiiately 

gf.4ip III ilir naifir »|w< trnm arr the only iiifrie-red idimirpticm 
li.iiidn 111 i|p‘ if .;i rif ili-r doiioitiir w4ilrh have tieeri resolved into 
flirii r|riiirist4i^ i }iiit ilir iiifraav'tl al»i»r|'itiiiii liaiidi of the 

iilliri g.inr-i Mr ^iiiiilafly a*ytfiiiirlrie tltHlIiIeli. 

Ill tlir ^ ihr m iliie In ii deernwe in the 

firi|tiro^% #4 %8ki4iiMn %%-3th inrrriiwitg atigyhir caducity* Ttiii deereaie 
irsiilfrt It Mill ftjr tsttfiliiir.ifitv of ttir law of forrt* wtiieli giivertis the 

no a 0 41 

111 nadi'i fo irdiirr ihr al-wn-r hyt.wtht^.b tii C|iiiifititative form, we 


llltlllTlill', ll tt'iil .iH,**||mr-4 lli.il lit*’ 

aitci »I'J» 4rr rillliVlilr.llr#! in thr niulrt i..rf . !--■ 

lirimt‘tii ifir 4liiiiiir rniirr-^ »in«l iri 

III , stj , mi . « mi j 

Let # ilr'liHlr llir .itigir iltr tmr .4 ihr 

fiKct! liiir ill till* I ill fir 1 4 flir jsi«*i3«#ii- Wah ilr.-i 
fttr the kiiirlir’ riirrgy i4 tlir tr4u, r4 


. t 4i'i< f* 


■‘•i*"'"' 4 tiV 

!' ii .4 


'■":'|(i)''-i:;';)' 




Drmilinjj the jitiifiiti.il »nrf){y l»v *!• { .m>t wis.nj* wj* I 
t't{tiatiiLtn», wii h.H«* 


atitl 


i/f 


i;«jf} •'"■ IH|# I- #'jf? — M 


tii 


ilKj*#* M. 






E(|uatitin (H| givt** Hm* i*» iIh” utairttirm «4 i!ir nai'it.ui* y »»< thr .tttjgtiiar 
m»>itH>ntum. 'rhi* may !»• wfiiiru 

wf*# - i«l| 

whlW fo is ilMSUmrrl tt» I*' llu* di!»l4»l»r }»-lHrrn ihr |«»*» in MhrH ihp 
multfult* is ill ft{uiiiiiritim .iml al rr»i, ttinlr Ut i* iJir atitfuJ.ii iHkmiy 
of iht' moving mnln'tilv wlirtt { iJimiigh ihr % ,»liir » Hut»»inwiiiig 

from («i) into ( 7 ) w»j ofihiiti ih»* tiiifrtritiial |«ii ij»r vtltfatury 

motion: 

«/*? tiJfJ 

m) 


~ +- «« > 


U't If tivnott’ tliv toinl t'ttrrgy of vitiraloiy amf toi«tiii>n.it oKaion, .i««l 
I«t tt ntwl fi tlcnotv tbv minimiim ami imoomtim valm# .4 f Imr- 
gration of t'(|uattun (to) tlivn givv* ihu following r%j«riMii«ii} for ilii* 
{Mtrioil of fhv vibration: 

rff 

♦(C) - 

Obvlmmly f » ami f* nrv roots of ihv vrtuation 

ff Atm . 

If - #(0 - • o. lU) 


■f m 


WW if 

€m f’ 

JiM 




(III 


fi# can be identified with the mean Mngtthir vrlociiy nl the iw4n*«te 



\ if .li !■ --H r. ,i ! 11 . 11 * I ImTj i * 
lllf’ 1l r ‘lU* r-* \ ^ >5 l^Ul .*!|i 

r<,i 3!ii U'l:! . 

i )| %* I n;r.* >! ,Ulr< ? ! iir ^ 
|i% ii‘.‘| flit' ! 1 1-4 1 i|f -11* 

%%k fhili'i»-|s \^l4!r .1 


^ -IH4UUI1 II n shiiw^^ that the period of 

t '..’ h .tl t. slums that if T, (tr its rmprocal, 
•’, s i lApaiulfti into a powi'r .serios in ih,, the 
oM i . tmi .i vanish, siiun a mviTsal of the sign 
till. ..1 ,., honnii!!^ thr I'rfiiunnt'y of rotiition 
* >•! Mi.i.Uu.ti tor /,ro angular volucity by coo, 
•> iu ! aj.jHitviniaiion 


111 . !, s.! i; .1 tun, in.n >>< ih»- total vibrational eiu'rgy W. It 

will bi- •.h..wts l.to I ..js that in K« n. ial \vr may rvjirct « to Im iKisitive. 

It tt. th. tun.l.inn ntal hvju.ihisis of the writer's earlitT work, 

whi‘ h ah lUiln tin- !n,|m n, y of vibration of the moUrulf with the mean 
of thr !»o i.oii.ttion absorlHil tor rariiated). and combine 

ri|ll4li««ti^ ■S' 4Sssl Ilf' *4itahi 


r :h ( 14 ) 

I j'li'f'f 1 *^ ilir l»«i ihi* i4 thr linen given in the 

wnirr^.H iMiinrs hurt’ n-.!.i!rtiirti! «»f fhr ifmirv nf uHVinmetryd If the 
Valtir** i»l and r* ,11 r ji|M|^‘flv the h»rniuhi giveH the fre- 

unriii/irts Ml thr r|iiaiitniii tin*--. 11 $ the Ilc1 fitiitiiiiienlal with mnHiderable 
ai-riii4« y "4 f flir s|,eil$r*| hnr?« in the figiire^h 

1"hr ol thr liisr-^ in 4 line Inirinnnie fitiniild lie given by 

.i. (14a) 

h4|ii4!ir«ii I |4i ' ei .r4' thr ifaiiir |f*iiii 4 h ii.|i 4iiit gives the friH|iienciei 
III thr i|ii4ritiitiii biir'n- $ti il$r «itr^rivr«| haritiniiii* riiriwlly if tlie viiluen of 
itie aiid n air iradinstrih Kt* mitljUHiineiit of the value 

ii| l.a lirirasaiV 

fM|ii 4 iinii !e;»mr4'rf. ilm-.n iini til with itie fliiidaiiiental hy|K)theses 
frgaiding tfir Oiiiiifr i4 itir *4 fniilialiiifi on wliiefi the preient 

}i 4 |«'i 1 % b.incd, III i 44 |rt to btiiig ilir ilirory of ai»yiiiitietry into line 
m-iih ilir tlir* 4 % mr iiiiini tli 4 l rt|iiiitioii ( 3 ) gives the mean 

Ilf llir IWt* ||r*niriirir# r|fi$tlrt| 4 if|i| alpirirlM^tl by iifiy ciiie groii|.i of mole- 
riifr# ♦ t *411 alirtiiiMii tti iltr of aliiorptiori, we replace 

r«|ii4ti»4i bv 

e ^ t|M,, ± I ^ (155 

I r . I*., ||.| 

* liwf n 44 .. III wii llir Idili ffW|iiiiiey iWt 

I* -$4 wbliwii* if lilt diwip 

iw ikr r I d’^ I*. 11 m- r *4 futiskrtifc’ Willi liirfr#i«iiii aiiiiiliir vfiecliy 

O iT.f.o 

♦..liv. i*irr 1 Asti'S 1*1 lt*r /rrftltlll Cl* 

|'‘|r4 4 ' 9 ji i t ' 


tin till* tiiri’ljy %■ ilir4tit»ll» *»• i't n* ■ v*- • ^ • • f 

Mfirrcivrr* lilt' t'i»ti^t4iit ii 3^. 4 Itirus^ rj ^ ■■ 

tlie iiiit.llktii 


»l u ■ ■' 


f, 4 . ‘ 4 

ckilllliillillg its^ Mul iltiy wr t4»l4ni 

r I j»*fif i, ■■ f I 

la^t IV(f|, fil am! iifi, fs'i h' ilrfitm! t^%- itir r.|y 4 t‘.o*i« 


I f » I 


1:1 


jVCf|* f 


^$lll 


SCri, ^ 

Tlirii (17) lm’rtiiiir» 

r ^ X’if%, f|i i. ilHl 

Thii I4|liyt$iill i» «l lllr f«#l'lit 4:*i 4|.|1 4il4 % *mm'^i%m'nth gi%r» lll«" 

jKiHiliiiiiii <4 lilt* liiir.?4 ill ritlirr «f llir lll'l i.t*.ui4» m'lili ri*|ii4l ai-iiii.wy. 

llii* ^jirritlr t*ic|»rr;iyiii»tw Uw S *iii 4 ft. 1*^' ili-r fttiiMlAiiirtir.i! .iii 4 
h;irii'iciitii* ililirr iimirtliiin m wr mMtmw lli.it ^rt-K.# tn ty la 4 
valilt* ill ?, If it. in Ittil* f| ^ t yiltl ti j f**r llir Itiis 4 ,iiiiriil,ii. l'titi,» 


K ^ til ■'•'■' «f( I* 11.4 

1 M 0 } -- illli. 




In tilt* tif tlir firiil tiiifiiitiwir wr »liiitil4 ilir-n Ii4%r 1 .iii 4 <^1-^1, 
I'lffttitiiii till* ¥atii«» «f N ami H kw ttir tif»i Imtimmir liy ilir 
N'* ani w¥ cilitiiiii 


N* « JwCji III mitt «l* 

Ul| 

1 * » pCil illll. 

If, cwi lilt? fitimr iiaiiili wr mUpt tlm dMmtmr liy|p.»tlir«i» 1I141 #rifi 
ii II pcsiitilt viilm* tif f , fill? iliiwf* wjiiatwiii# Ip^^iinr 

N ^ mi t, p| : 


^ ii)* 

1 « «C' 1 |J 

W ^ 




In i*itln*r m»i\ if « mtm Wfimwbiit i 4 ilir rtirtif til ¥ilif*iliiifi, M* 



W. !•> -“'i 1 . s. l-iJs..!) i-4 ihf .saiiu- as that calk'd for by 

ih.‘ ■ ■'•'a .ikhi- with i”kjHTimfiit, since the oltscrvcd 

\ -eAnui!. t!\ ci.ust.ints -iT ami \'l is a little less 

■ Ij.im I s ' 'c c in-l, i! <; iicc(i'a’.«'*> ti'gtshiiiy as the energy of 

\d'..0---n ■ ■■ ■- • a : . I,.. jrd in rifhii' case that the ratio of 

ft ?“ ‘ ‘ ^ 

III !;!*’ |*ir-;rii! rr%'jc,t*|] llii-nry nf t!u* s^tructUfC 

t*f ilir .r- inh.i '! iMtuin, it wuiihl Itr turi^s^Aty to tlc*rive the 

\ ■ n-t *-ir.!.tnt't .\, ,Vh aiiij im of 

|il.iii'»it4i !-'^r f!;*' |*->!r nti^it riirfijv liiiiiiiiin 4 k Mathematical 

4iti» iilti*--'. m ilir way *^1 mvh a ctim|i!eie nululum nf the 

.111-1 I’ a' ilir |*ir-.riit wr tiite-a t»iifm*lve.s with nliowing 

tiia! ih*- \ *4' ilir fMieaaniH tiiriititinrtt tire not unreaHon* 

ahlr. 1*’ tha! ^tali .otMimr ,t f^imjile foriii hif the potential 

rnrifc'^' ‘Joill ‘.imlv thr ^arialioti in the freijtiency of vil)ra- 

liriii lAith thr ,io|;«lai %'rh-n iH siiitl With i!tr vilifal ioii.il eiHTgy on the 
*'*! fr-,ui* !ns|f h\ |'i*.ahr-net tli.ii ihr aiiijilitiulr of the vibratioiiB 

1 14 

Alt ilo.i! »-r . .u! tra'iooabH" Ifrl lairr of ill regard to the law of force 
mhitli thr »4 ilir atone* in tiial it h aByniinetric in that 

tlir |*«4rriiial iiirir.isr!* morr lapidly ivlieti tile alortiB are com- 

jii'rn,nri| tr.-|f'rthri iliati hrii fliry are itrawii apart. A wmple formula 
ti.nsng itir .4/':% riiiririiy ^aiggr-iird ohtaiiirit if the force b aBiumed to 
.4 « *.ai-4,4nf .iiiraifnm rotishinrd with a repiibton varying 
illVr'Osely si-i tlir rAh p«*mrt *4 ilir di^Oatu’r Imiweril the iHirlei. The net 
iT|'*iiho%'e ha'ir h^^'iwrrn iftr aloinir rriitii.** moH l!iim lie given hy an 

rypir’^j^'ooti «4 flir Imisii 

i - ..f - - i'l. (33) 

o 40*1 4 afr i. 

^illtr thr h-ur |-rt|t|rr% In ^rfo wliril f rtjliab (m 

a 




fit 





t 

f- m 


* fe.i 


C24) 


fji .a.|. » '*1' »r wilt lltrow it iHl«» the (4) by means 

id .li.j.K.eoii iu.aiis t i.i»s» 4 rr lii»t the ea«* where the angular vdmdty 
is ffi-< In ibii: I ,is«" ii i» «'»»itveiiieMl ti» esj*»intl 1, 0 ami i -C mto jKiwer 

wfu's ifir |*.tiit ( •“ 16 t.et 


I » f - f». 





Hi'-rtigrf® t!ir r^iu^K^- 

ttmle siiltitiiiii r»l C.|l: 

I .4 * tM i f ? ,1 ■ ’ » > ^'1 I T . 

Ah\ 


^ A I t i 


,0 


A*' ^ 

* t 


m 


ik 'm. 


j: 4. 

iiji: 

uyr. 

ufJ; 


«i ^ I I 


(:•)' 


5 j, / »'s V* 
u ’* 




In caw> tht* ttitg(il.if vrUm'iiy w iws #cfii, ilir »t»4rt mI** r\|»i»t»«l» itndri 
tht* Influfnci* tif w«trilMg«i! Umv, mt ifi.ii il»r r«|H»l«t>«»init v,*litr »»( j 
chnngyit fmin f» to f i, wlu’iv f 1 1 » <♦ i4 ilsr rtj«i.»ii.»n 


/ I I \ mU/ti* 

It IH COIlWIUt'IJt to $}|tFlilllH;** iht* A| tlrlHSrtl 1*^ ihr r«{M4l)i)4 


Jkf « fi - f*. 

Expaiwling thy lyft haml ineMilirr nl wiusiiion iti •rrir». iirgln i»«! 
temis containing the jttjnarr* iin*l highrr .4 Al. mnl wjHing <•» 

Ai', we obtain the atitiroxiniatr valnr 


M 




Oft 


f*' 


4' aniti,* 


By the intfucluctiun of the ftwjueney of rotiiiittn r« ««♦! I»y ihr use « 
equation* (aCia) and (sfd) the above ean br mli»,-et| to 




f*e,* 

«*"* 4 Jtf** ' 


Since the fretjuency of rotation e* i# lor ati taw# t»ti*h't nass^drf lOm 

‘ R, ife#ilg»r. Vffh, 4. l>, <*».. i6. p t*n». ipi*. 


‘ «r.n tiu- of vihrati.m. we can neglect 

V, . !!! . ■ •!.!}•, ,! % Uh .V . I 1, 


N.a\ l>'i 






(29) 


iA),u-.anvK ic. .u.-. alH-ni ih.- i’, .,n.l ai.scanllng higher order 

Irllli^. %%«“■ III!. I ihr |*i|-|H 


ill' 


ktn 

i ■ 

1*1, ■« i * - j 

i i ! 


I ! 


niiifi f D 


i I 


(30) 


I ♦ ! r .md I-,' a. »,,!.■ 5hr \.ilii. .i I.i k am! A-j when ilu does not vanish. 

k' 


■I S 

an 

I ’.i 




*•«>« t ti l.'wSta’ 

a. 

# 1 » !« 

^ I t| 


ti« fl I I I 

**5 - * ’ .... ■. 

- II II 


t* M ^ I rtnlrl -f' l}C#l + ^) 


I '» 




+ 3om.O/ 


]• 


fly itir4fr^ »*f liirilirr .iiitl wilti flii.' hi*Ip of equations 

litnii, U'pih 4iitl uh'^ ilir dhi%'p nijirrH^ionfi for k* awl kt can be re- 
el tirn- 1 iti 


I** 4 l I in ^ i) 




j . 




I n. I- I j + t)(n + j) 


iiriiii 


1/ I* 


■i 

n i- t 


F, 

^11' 


(31) 

;!.]. (3J) 


ta 

n + i 


‘"’I 

w/J 


(33) 


I.rt «» d« »i*«i[e the <re«|uemy i»f vibration wrreji{KH»ling to the angular 

lrr*|iiriw i* r».. 


y'% t 


a- 1 1* 


r/ (“-» 7. •)>+■'■(; 


A Y\ 

?« / 1 "»'* 


. (34) 




Pf,n 4 Iij;ti III,. pt-eHtiif extension 
t‘i l‘ ! .1^ ■■ . . , . j . i.i ia- \ ttiili Kirrilhiift H ln%e is Hiihsliintitilly 
ro . ^ ^ 1*1 ■ 4 ru-rn m! -^Ir-f iviiu: !*l 4 nrk*.H raili.ilion ftjrmula from 

til'* jf iiuMl^rn ifir intnichitiiiiii of hyi'x^theses 

thr |iiv*.riii |i.i|irr. llir writer will there- 
f.si Irjn-^-h l^ri r witli ,i »|ii.ilif .it i vt” t|iHtiis.sii iii nf fhi* relation 

!!^,r !'.* I\ 4. i'Ji- .■!!*'. l4w III f!i»* liMiM* tfi4t ill* may later have the 

inmlr.ir * ! f.il.-'iy; ilj, po 44 r!|i i|| ,t qiiafltifaf IVV liiailtllT. 

Kill hleat’-^ ! 44 imi-. mu th*- |irM|w*Hif i*ifi ih4i tin. ratio of the cwflident 
Mi riiie. ;ion i 4 An%- h^i ilir frrt|iirney r to its roeftirieiit of ab- 

^Mi|iii««ii Imi iljr ifr«|iirtii%^ W'ltrii ill 4 stale of tliennoclynamic 

i4|iii!il*rsiiiii e.* *'^| 04 l Im tlir iniriHiiv of bhtrk radiation for the 

»a,iiir irio|^-i.itiii«' 411*1 fir^.|uriii,4- tlHaditl by the m|uare tif the iiitlex of 
rrlt4ite*ri* If fir .ivassor a'r«Uowitig in the hitt|sle|is rif Flaiick) that 
ivr li.i%"r lit lb:* wiih 4 itirdiiiiii f»f %4TV low lieiisity* we may call 

til r siii|r% **l iris.o t^ai oniiv^ ltrnr*tin,ii tile rmilirieiils of emiHHion and 
4l«*ajite'rfi l>v r, .ifid *1., ir-%|m fHadv. 4 iid the intensity tif black ratliation 

|»V’ h.O/r' 





I.,ri r" d«‘iear .%%%% Mlhrf’ frrt|i|rin'‘V , llirll 



and b^ Ii 4 ii*. k‘« tadialeas law 




li. 





(361 


4*' in««« O J«»r ,iiiy Jw«» fmjtuwifs f and /, if 

K»»»}di* 4 rft »« i«» I*' B.nnsNrd, 4 «id 1‘tiin'rmdy wt* may apply (.V>) to 
ili« .4 > ts a «*( it'. r«iinp,ililHltty with Kirchholf's 


Is. !ls« t.at, wr tii.H, i»* Iw'giii with. iifgUft iho hroadoniug of 

111. .d.-.»|ai. >4 .iJ »4 rin.'.'.nm l*.md» l»y tnnliTHlar rotation}, and by the 
|t*.j»p!r* ris. . I ,, .*nd t/ may ihfit In* rrfdami liy tin* intogratod 
M.triivtJu . <4 ihr -Old liafitif.iiir i*niii.^ion band.., whilt* 

4 o 4 0/ 4 ir f*| 44 tr«l 1»%^ ih«* ii.trr»}*oMding intriwtiin of ilw abnorplion 
}..»n4- if 4 ...mI 4 !«.■ «4»M'tvr«l ih il if wi* i»‘pla«%* »*' by Ji> tht* right-hand 
itscjiflli**? *4 4.^ *fri; rr tt.aii inlttiity f<*r vnry ^tnall valut*^ tjf tho 

t» !»}«•» itV.itf ! »»«r b*r vrry largn valtiw *»f T, (‘iinm!quently 

< 4 }■ ». « s 11, ■.**=.» }*»- t» It 




imm iirrra^ Ici tic Mine r%trfif 

.N«.w .i.'coi.lmg rti ihr r4rl.rf t, 

«J'*' »n».n.iti« or Ihr rumlarornMl 4«.l . 

I« ni!nit „J tin- imtiTMlurr fw l-.ih ihr , 

‘■••-.'.n •» «•..», | 4 «*tr «,il, if,^ „ 

H provide, for brsr lr,„,„4.«tr ..o.4t..,» 

UH irum th^ tw., Iwmk. alih.High ir,r , 4 *h, .4 , 1 ., 

ru,utu«vH,.J and 


•i 


A 




«il ^ 


gfoap „f m^mOrn, ih, rrkiivir «««,{»„ ^ T '''''' ' 

in (hi- thlKj, while lit extrem-lv hiwh » ** *’"*^*'"*"*^(*^* **' - ' ■ 

‘Iiuiiliiy Iinil the nhiMw IniJLiit J^En'^T "“" ‘ 

.hndilhcElttelttE,; tTLtr ""' "* " • ■' ■■ 

at least. It ahouW to otorrvwl toiJL t ** ‘*“’**^*‘'*’ «w«»w, 
«l«ction to Kirrhhoff’a kw invoKrd t» il«.' i«l* ***^ ** ** ”'*»***^ 

•»- of (he in,™.,.,, thlrr ■■' - 

present w>rk Is In jwrt lj«!. For if ****^*‘ *** 

denote the fmiuenrlm «f tiict t***. * **** ** *''l**‘»**«»« <|6) 

which nrc .!» i“r;i;'’,Vi:::!r'r i"* *" •* •■' •-■-• 

nngulnr vdociticii, we get igw, ,*?!!*"’' *"»“<'•>• inniHi 

(henry iif hnnnoiii*. Tl» (wcile-'e «(« 

the M„M. group of molecute, «ad tto t **** 

Mine group. (:an«<,u«j,tjy tL mito ****** *« »*» 

hands and ih« ^tb ^ the iotenirftliM ad ito ®**^**^ *** **’*' 
iipparently md, fag iiidtpen4»«| at . *’*** tond* sbuiM 

thwry M very u>ej| tm tahiktod the alin n ^ ^^*^*'**‘ ***e IlirK-n,,* 

themifchwbri that, white iqwitjoii *"**** '** *’**‘^*^ 

when applied to reglwit b*. wid irndwld y 

*‘-W whenapplietrroMtW^Z^Z*^ 

together. In other woidi tfin-titi <r 1 *^****^*** whhh 4»ir ii-Ky 4 jrw 

•d (he ii.M.„.i,y „, h* «d rt. ml. ,|.„ , ,,,, 

oynamr njulllhrloni to the aouat* ^ ^ rnimimur ,« ih«o«t, 

veritti funrtiwn of the tempefatitta a^i t ^ relran.ieoi m 4 oj, 

mrreet m hroiul generaltea rinn , aw '«p|w.„%o„.»ir| 

the a>m|Mftow r>f dwelv *^**’*' i 


ItlfCi, 


III fhr Ii^ikIn 1,1 I !li‘ |iyi)llj^ilf;‘fj4^ lUy 

f“/sL‘. I: > . ' «* 15 t .\ii*-A ili-.' *1 sniij.*! inii ut tlir «|iiaiitiiiii coiitlition for the 

0 1 O ^ 1 ./! fl-ir ■.Ir,i.-h :a4!rH hI uu^hm !iy W. Wilson (Phil. Mag., 

ol- arrival uf thv Irnig tldayed copies 

in’ \r 4 i ill !. ^irf I1a--. k !.a ojir. Iuh |iut iiitci my hands the inde- 
l»44!rra I* ,a ilus ^.itiir }i\|i<afir,HiH f*y StaiiiiiiTfeki, together 

uah hi - l-i m| tfir rumplrv *4riiet iiriMif the lines in the 

h\'h..,^4ri 411.1 i.-nu"rd hrliytn t»v its aid. 

1 hr i|n.4i:Hmi * -nditi*ai sii *|ur-4iiin taken the fnrm of the rec|uirement 
that I el lam i*l ilir i^'oei ali/i'd i oeirdiiiairs id the atomic or molecular 

‘»»ysfrflis Hi i|tO'-4n *fi nliall nafinfv rt|iiatifinn of fhr fofitl 

f fniil ^ fli, 

m'lirrr p is llo-' iieanr ntiiiii t mi rr-n|i*»odiiig to the eolircliiiatrs f, h in Idanck^s 
eoiisiaof, f* IS an iiiir^ri, atnf ihr iiiirgraihai in l«i \m ejctemled over a 
laitiiplrte i \ tir .rf vahir-^ *»! i|. Applying lliis rolidilion m the vibration 
of a ehal^.aiio ylr %%e ulstain 

/ in oil - jf Tili fli, 

i*r 

r -- ' ll..^ 

r! * 

Ifrtr, as ill thr irvi T and drnote ilm kiftetic energy and the 

%al»iali«*ri.il lrri|i|rto V'* lively. 

If wr as a lit si apiire^^imalioii* llial the iiieiin v^aluei of the 

kiiielie and |*4risttal nirrgirs are Hriiiiitily rijiial, we obtain equation 

l,i ’ 4b*»\r. 

1 1 $,%% 41’. t 4'!*^ *;%%« f % 




i<« iKKt**, HJH., r«t. lit,, Kt, mr., 

-‘AJ /M'cmferf it, /M<ij 


nKt.JtIM AKti IIVHHOOKN MOtmW 

tiiti Ml' In n aniiiiittfii'^ 

l|i«' Hi innUP »if «hliip IH llr, 

II itii»i|t4 nf tins 

f Vi s lim sii,.iri <4 n tnirinw i»f i*liiir|C«' 

■,V |iy J, ,|f lr«lw|f«l||4 wllk^ll 

»%■ tllKHlI tWii 

M|i|K«i%ili» 4tlisi4 t:if tin* 
Ih tlw I'-wiin- mI H tin hit^ 

.1 nitinlar fi»r fln^ liyilrtip*is 

4iii4 i|ls^4|ir^r, <4 ft iliffrr" 

rssi i>|^^ l'«*r rliiirgi^l fl^ inii. 

ilsr. in,riirs' |3f>jinirtiliirlv hi 

f-r III r.iirli ri*»itli4iiii iiiiguliir 

s3iv*Msriittp»i in n I’lmifitfif wfiri't whit*li 

I*.'- iin r%|iliiiw!n»ii lit' till’* tliiiiiiiiif' 

*4 |p*l4ii*n iiinl liint 

tl«r lln^trir# nf |jin 

lsr#i. -^4 h% 4f*-*'P.'r'U i»|| |||P l|i^||||||ltiiiil 

tip*. 

I If, !.iii»iiiiiii$r 4i«t li«*t mst* 

‘i*4 lli« IV s 1.^441 -iHiiiiiiirrfiittl i|ll|ll|llllll 

r^.m4‘4t*rpm h* llir i*f lllis i«ittsr-' 

inr* i4 lliiw tp*a|fi'U, |I|j 4 WI'W fitli 

Iri t%% Ullll illlliHil” 

tMliiilrly. tftillllllllll 


f’A-fClh. 

I “ I ( ^ ) '^» 


1*1 A, 


III 


-:.^iirrr.‘ f Viil-rfw *»t ib^ itlmn 

rlnwfi 

.4 |i,,^ In,* . . j, #1*’' tllP 

lip.mrsain, »ii4 #1,, #1,* -. ... . iifp mi^ 



I .H-?. 1 - ^ ' 

|« *■“*» *’"■. r.4’ i % * f '. •'< i i..'- 

I r’" ■'* ‘.a- - t ' ■; , 

t*"'*’'** -’ *■ ^ t ■ i- 

t'H A^■4ti•S4’ l’:iS' -I -S'J 4‘ I t *' *. *,« ; 

^-'.-r^f; IaU^^ 1^ l.r 1 .r ^--r • *"' ; ^,r 

•^> 1*i 1 -I r^-Jrf’S " i ‘ft r * '1 

I fir 14 I I-, I t. 4 1- 'ii .' 

m1 p.fi4*.rm Uii%h'’f ^|f?.«.| | , .?* •.» V “ 

vt'rf dfv llu- 1 4 

r“-*l|ltlt-»^-|? |lll^ts^^| I. ^ 4 % til;%kr4 |« Sta'ali r A , 

I'Hiirnl rMSii|»iiitilfv4^ ^-'1 ih*’* 44-1.1., 1 1^'•■ 

^4^1 ^4 4' I I i«' '«|-.41r&. ;|4 

l**rtii 


psr 




r.|A., 




I** r *«r , , AT I ^ 

A N.. ' ^* ^s-4 *' ].«.- «,*-.,»%♦ A 

III" -» lli«m*t'irti'| 

tlify. i|ili^r#ii«| «4 liiir^ |««|| |^it*| iitriiiW^ 
l» r*|im| Ik# llitim |,i|«T k&lliniijit r«|w's-fg|' 

*|llNJ^Iitlif' llii# iiil*i^l»| I* «%|ii#| I## fife#- *4 

lfli» #J|-%|*^tt fr«f ||«rk 1.4 llB t4 |i|#*ll*4:| »‘*-.-fa 

llif? *i|iiii| «f| lliit 
»i* 'Wjf *^‘*>^-* iif' It, Wit |»ir-ft 

4 « ^ ^ 1^ 

Tim iiili^f#l ». *4 III# «l 

*4i!wft|iil^i^ ftllti t^n 1^ #wiiiii#l#’«| rmmlf il 
f||g» firliil «i|ytl |ii4l#iiti«| #ir 

tiitiwis. K€|ttali«fti f3| I* 

i%|l|4t # 4 rt|| 1 #^ i|;<n 

«|tMllil||tt at|it4il«<c>ii« (11. |.tH «l I, « ,lr,i«, ? ,«, 

• willl |||i« #IUW|ai4*m »( III* It. }o,a, Uk 

•l«« «|t|4]r ih* la 111).* «,i.|,,». I 

wily, bni MifimiMi 4mtM ikr 

lif (1 m mmiiwIhiI WMMlIaflMtlary fWkli «W 4 },l 

fete ttlWWIffllllllty 1^# 



-In ihriii i^r iy|!«» isf uuilt'ffijn- 

%vlu*'li in Miilkiriit u% fix tin* |Hm« 
-^ih,r »"iirr^!y t»f th** iiliuii ijf niuliH'iile* 

III i.».«rfrirtl Hliilr iW iititiii will hiH'n fht* 

riArri^ry iiml flit* tiUiiiiiutij mniiber 

'i.|i^ail«i tl'r^frCon* In^ Mitmll. tIuiUKii tlit* value 
mm% br Mttl if tliem in to In* imy 

iti iviitsii*^ r«|uiUI»riitiii al nil. lii tin* of 

4ti*4ii »*r lilt* hy4rii|ciai iiic?!t»<‘ulc% it 
a '-5 Ui iff* ibiil fi will bu eilher tnu*? 

«,*r 

1 }iit¥** eiifrii‘4 tli^ninh the iitiiiieri«»iil evtilu- 
ill toll i»f the iirtioii iutiiiriil for the !u4iutu 
iiio*|i4 iitiil rt^ret l<f my llmt tlje eiileulii* 
thill if the iiletii givcii im tmergy 
t«» if.*« ietiiisnlifiti |»i»tentlnh the 

* I iNiii til in rtJiiititioit ill) in rnil Hiitinheci. 

til iinikiiiM the riili''iihtiii*ti I havf^ ummI ati 
n|i|*ro%iiii>til«t esi|»ri^nnioit fur the jinth uf the 

f'lrelfoii *rhin in |iii*riiii:nailili% n{iu*t\ hy the 
l*rifiei|tle mC iwthm, the vitriiitinn in the 

iiiti^rnl |»rn»tyri4 hy ii miiall viirJatifm in tlie 

|.iniln lioliliiiii ih*^ loin! energy eoUHtnub viin* 
i-s^lien Im mnaJI *|wiinlitiea of the llrnt order. 
"tliP deirrniiiyilnui nf the ii|»|irniininte |mth 
Wilt lm^-r4 tm the sliilii fitrihnlmt hy Hr. Limg- 
liiiiir.. H** «-«yn thill lli«» |»iith nf eiteh 
is8 nmriy att lire of m% iHwntrie tnrele 
*iiihlriitlsfi|f an itiigle nf tfifi" M* lii tin* iiueltniH. 
Ilie vw*l»r fmiii the mirlinm to the 

»'*f the i^fhit i» th*ifi*l4 K Itl ^ tan. for 
nil inmtmimu pMUmtml of volt.i4, iind thi? 
ffiiiiii'» %:reir»f Hi ihe niid of tliii nrlhlii ia L’1«1H 
mm gmil, lly tmiMiiidiiig t\m 
f«r ilto riiitiii* %wlnr iiiln ii |Miwt*r mmm in § 
Hhr iinnh* l.ii€wi%*ti the fiiniiieitliiry rntliiM 

tiinl itin railiiw vwtnr hi the niidiKiint), 
iiiiri hither |.i*iwer teriit«4» it In mmy 

i« rnlpm ihiit nil w|it«ii«tt of the form 

ri»f4l+4#i (4) 

t** defliie itii n|.i|m>iiitiitt« orliit, 
llr'ft-* K ItM em. IlIttI k w iiwily 



‘»i| ff ^ II 4’ L t s ^ ^ 

*1 liir rt.4 ' < 

I'ir r%|-tr-25 r * 7 . 

fl,,‘ » 


T^lirfv ^ ilw vlko^t^fr - li 4 i ■^“^^ 

*«4^l rilsrf'g'i It r#^/t ^ ^^Vtt .n’ri I 

r»^i%|#l’i i^-Ss «il%^f*...^ 1?^ f 

# ®li4 # fr.f ||%e rf«4 «4 im^.h I ^'r- ^ , 

liy?* rlcfc'^ !■%**« « -i-®' 

r ^ ii‘' ^ f - ^.4 


lly itm^ts-ft .j4 ^ ^ 1<4 li-r ct 

h»t I'iw- g» r^^it f 

I In fas fli# f>i-*f||'| 


4 • I 



I #' 


-I'.®. 


■^Ill’fp # i# llsit twl«lirs|i| i4 ll:^ |il**.k 

%tm t|Mt||ii..»|i8l |^5» I If, **,4 ,« !!»*• 

111.11% I lllllill l«|iir *4 # ^Ir.fir^f 

IlllllfSkl t#|l|r if tinr- |l|tr|gt«| 

ri«l|i li#iw| ll)&ir%iil«rf w4 «/* i t Si k lhn9 

fii^'«||il |» III tl*l|| li^ ■' <«i=-is<4i 

l|#*|| f4| i^i|«| ill# I a I ll«r 

|i«*ii«i III lll»' i»*^»iit|p| 

ilw,i Mmm mm will nwi I-# *:4-* 


Ummm I' liMi^ar, 

Umwm» Vnmwmm- 


, t,»m .V, »’oi, 1 .,, Mi. m$, 

!**,« #4% Iffwj 


A nmMim AK^iiti ini the extremi ultra- 

VIOLET 

It han hmm nhmn ilint l|if« ht^iuiii 
Sii-ti 4:.S'<'^^''vrfr4 III ft irrr*’*«trittl mntv0 l»j Fi>w*> 
:.■? by till? ftiriiiiilii 


“’((':r'C^)’)‘ 


ifi* liii^ itw^ mC S i»r 

If lilts i* liiitl rii IImi iiit*- 

• -.r^ir :i, i \lnm ri^iili ii| wt¥if« 

.Uvi l:?lili mmt li'lH-iT, Mf pwicmi 

, <4 tliif l$r-lhttii i«|m*tniiti tliil licit 

issiuv’li m trt lli*^ cif 

ilsrMs a h«»wcwf» liiw bw^ii 

«v^r« Willi a iwwtT'fiil diiniplivt? 

III lirIniitL a «l4ar|\ fiiirly iiroiig 

<iTi|«-«rs al tm nf it w fiiutid 

;.li IsjyMif iliplrf ibsis *iai||0 0»l|tli* 

I*. *34 as'«4 ’i% *sr*nir ill tli*lilll1l wlli:*|| tlw 

rapa*4iy, lliitli^r 
■sawv**^ 4i*ril|iiif0 r«iitlilicill llw 

mt ill Ilf4illlll tlld 

a m* it* iiwffi ft'" 

f:fai:..^:4l4r* til tiril Wi4l 

b«il sit In W iitwul 

f Lis #r^'4 m »lisniitl li^ *»nii|i4wl Ity 10i4»7 

It by m pKibiblj 

«iitr^ IfcH »I| lltlpllftljri 




111! li* n:i M >>1 Hi l l! M IX niF. FXTRKMF 

I 1 i u \ Mni.irr 


iu ll* I 


i'jn r liiM Ilrlitiiii m lip- Srlitiirijilili ri^gilin, 

• 1 ‘ ligt-i, yirlili*i| rixHllllH wilifh 

iirii- iiiM-t t\w rs«iirliiH.itiii»4 ilriui’ii fmm n 

liiMfr rrnii^ •nil*|rrt/ tliiiU^ll ifiirri*i 4 tilig, W«n‘ 

|i| ipt iiU.hl ? 4 Ul|rri»ii frtllll thl' HllltlC^ 

,ir|rii, .Ihv ill lilt wlirli !il4illill Wlll4 Iil4|»ll Ul ih«^ 

^-r-r. %t-%- Im riii| 4 i.iy ii Htrisiig ttimnitivi' dm- 
4 i t imI'^ -tir** iii iiitrii«lirt^ iiii|«irilri 4 hy iin 

tl.* 'it, ^ 4 ' <irt’ :ii'i 4 i||Mi}| tlir i 4 **«irii«|ri 4 , 

Tip" iip-lp 4 ^4 iTr tliiiitgh till* rt^gicm 

11 I.^Ki .Ui i h ^ ii ruumh^fsihlv iinriilirr <if 

|iii«’;H, .-^ 4 - M%’l 1^14 r:iiut 4 iitirihiilinl ill Iii 4 hitii 4 

It .rtii ihM i%jirr- 4 rngili.f 4 fit i!«^ rrliittim 

,:„ j ^ I up'l ilsrrrfMir' |jrttl»iiii!v ft»riii iiirtiilM^w of ilto 

^2' m’ 

iill|illS«i**’''«l f'tiru Tvrii ipiW, l|i»IVrVli'j lilt'' of tlllM* 

lllirift I' fillip t* l‘«'- 4.?^ |»*'fO-rlh r^rhlltl- 

It him iliirinii tlir lirogn’iif^ tif tho 

|*rr:m"iif Him ftsrti iirriiO|.y-.||iriil |im|it.im*i:l tiy 

T%' mliirli ,1 ilT' tiuiiilwf i*i iiiiiiiy lif tliriii iwiiiitily 

*lt|r i« imimnur-: %^.rr i*» fit tip* f«»riiiiilii for itti* ttiliiyipwl 

llir rimm- *-4 ilp^ i«-iiri%-iili 4 tlip nUmk mi ilio |irtit#iii 

liir-' ht |l|V'r-,i%||g?||tir?i wf P rr?«tliilltirP |Mil 4 *lllilll 

III Ip'IhWi t*i n ’'••4**11^ til of iiNiill IIWI ' 


* 'i 1 , 1 * 1^1 llflllll. 

^ 1 ^ I* |tii? 


. j V « !..>.« l!..y H.* ,rv I* «»M •■• ‘*** 5 .*^“* 

k 

% i. I 

n J .11 I 


i» It.j. , J-foi a !• im J *1 »' hmmm.nno. 

vi> ». M 1 4M V,I'< . /.V4.v% # 4‘».>.I*,, J> K' 1 <i*mt'*'*"i 



llir i -- ■ ^ . » . , 

3,1 rill I l4in‘ ^1 ‘ 

Ia iIk' ii^..' .*! a .-I'.-ii -i' '. -r-r'-^r' ’', ‘ • *,, . , ’ '■ ' ’ « 

*4 tin|«trili’‘ ^ %«(.'*'• !i,tt;.r'n.ij 

rt 1 ^ ^ %ilf » ^ * * * V I ‘ " ’ ' " . ' . * . ,f * 

Mir« I’.v !ii.<* \ t i ^ I ;* * . '.>/■’>, i 

firiis* 4 Hi ^ kU A A ^ \ : . , . . - 

lif !iT *'iii u*w4 %i% 

It H llil^'l«'nt.*t.i|i H. ! .:, *,?4r,,.. ; •* " * , , .-. 

ill^ til *1^4. "g?! 4 %«4«% r Hi M,. •.? I « 11^ 

lifil|s|»iiig tliiiii iA|lb lli»s^?».- '*'4 f sin -'^r ■' f ! . 

*4 tlii% fjis'l ^'sil l^‘" «‘¥sii»44«'-fv'«l |*f% 

It lliliy r<*|irht^|r-«| ilif.if “ lu,> . tifrl 

||I»|W‘'*1 i|.# |lf%»l^tl4% 1*1 » til*’ r ^5>,.’*' 4 '4* ■•• ^ ?. 4*1* K' |! 

t*rigiit i.’^rVrii it««w ^Mtiir-fi, ls;%f * inni! 

I||tril-*%"l*»tt4. rilll 4.Wf|i«‘-^i tr.j lk»-fiiP5’, nsllji -. y-,*% ,H 

Tlltn|tWfl|lll«ll «*f <li«i' r%|#-f 4lf‘.i4;^$,trrr4 !*4f", 's4vl ’’i '|vi4||r 

Tilt'* Viirtniiii *t|n4if«#i#-ij)i|;ife“ ftp* *4 3* **ll 

rinllll# 'Wt|» mt «%|f;lf|||r4 t!l«t lift r-<r||.| I . f. rw | |^|p 

llli-^kl tviitt'iil 'I Im «4 '>%4y ^tx 

%''tltl|ltil‘* flll'*llilillr4| lilt':' lift^lilrll^iii 4.4 nil, ^%%%’\\v*;H \ |4 s,mii -ils 
III pm-m-ttm^ tlir |*i|fit%'^ llp' -iri4*‘t r %,y|.riridp*i 

till* s|s«^rf|«»|’||t'^*ti|l*t' %%m <4 *.|H;ii"ll,> llic -rnfliK^I^' ^4 ';4liiiiiiiii*|i 

llltfl r% limlrmil III l«rii|, 4wil I rill .» h^>h Pliilii I 

«llfillli4rt, lltH iifiifc:|i* III liiii^.'-?!rit 'I’lv,- , iii n ';%!«» 

lllltl'^%1 III llir- <.«5||ti Ilf tll*,.*^ tl||M‘> lllr 4lt riir hrlmm 'A .r^ pmtii*' 

tiy |^}|||,fi^l||| mill l|r|i||t| filf^. lift- «i|wl,fw's^‘4,*|r’- Irf 4 fltsi 

I'lli^ffltl'y' VlljUlf liy I- ftslut# f4“'lft,gt*f1l||r».,| III til* ||4^f|.il li|,|>||SM'|r 1*1 

$,m mltrii tmmmWf m-m inmt% uupmHtx:’ UimrAr^' 

ft 1111^ llH|M»Mt|lt|r' III III* ' f^}.% Ip litiiin IP 

lllf|lit|l|r|llly l|i«'* ftp'^'tirr *4 «4 ht 4i n:-ii hipI 

tif tnifliilll *‘:-^Cilt|ilir-r| nflrl |t |,|,|,r! I.-, ** 4ri»rf l.« '.1 Im tl 

11ir Ititilrilly al II «!' *'i^ltt Irulli^ ,»| ,1 

tlir riirri4il luitin Irntwmm tiftr^iity mn*! mnlhMmn fr> 

TItr i|i«}li"tWll| til fir gfllflilt ^I<l \t Ui ilr art, tl 

mmwm mmimimml m ilip ytmk pf tii*^ l|»l||r |»|.4f * • %f • lilir 

fr«l|)ttfll‘M]||||||n|p.|«»|}ti.tf..iK}||«,|||,K„f.,( j;»;y, ^ j 


I.-.,,,, n 


< ,1 1 y 

, i .,5 %. 

'• > 5 ’ 4 .'■.i.'huif !uf!.. fi, Shat (>f tht‘ 

/ll,': .■ ; ^ It 

" i- 1 hist uisirh an- usimtly |irm‘nf 

,i,t I.'.;. * ■»**<’ 

• ! “Imuv varvinK n-biivt* intfti- 

■ 1 *; ^--r 

■ '* “Ui j>!:s!<-h, ! hrii' twhiivtour 

11 . 4 ^ ^ 1 * ^ -ni. 

> iij' iUSl.-n 1 lit' <‘tJlH-lU'‘itKl in COH- 

4 ^ ^ 4 . 1 

■ ••■ ? -it- ! hii, ,,, ,;^,i 

lUf V, ^ ^ : :. 

; 1 •-». .!>ial v!ifiii!iM Hjiark iM'twwn 

, , 4 |l-Oi ^ - 4 '. .=n! ■ 

' -.’i , H..-, .,j». Mlilik'ltJ ' hfSM (til- 

f ' 413 , 3 . 4 , ^ t,.V; ;,. V, ' , i;,.- ■ 

■ ;:i. uI (uarlv iilfiiticsi! \vav«‘ 

|r}!|,tf 1 , ‘ ^ ^ ‘ » .i ^ 4 -*% I 

* ijiii 1 1 .'a »'., 4 )HinK n uniting (tf jtn'utiT 

t 5 - .;'■ '. 1 ! = <* 

; ! . •!<».< iiai sln a.ly |*h<ii HStnlmttal t<t 

.Ill tis,i SI’ r'l**-, ' *i/* 

s.'s S ■(!>- iiij«' ti» hv*!r«»t{i'ii,* 

|t|. i. , 

■ a . fh, hn. t mt. ‘Hli. Ist 2 s», (util lOSti 


III III. r Ilf tirlniiii, 

hirmg. t'-'' ti'i.H? -r:./. ' I 1 V ! !!i-;i* I ||r lifir Iflhli H Imt ftlt||if| lift 

iMir |si;lfr’: l.-t '".Jf. ■' ^ 1 *!%, u I*, .ii'4.f,.Ji,%-r tt|i«^ |i:lt»||, 

II I'lr't'i ".i r SP-...I, ' ; I.. III iilt^w-^rVJltliiii,^ liy |||i*|||||4 tif 

fisr' I< % :s;;: ■;i!f« r ^'%'r'rill t,r||||.^ Ill|t| witlt a 

'tH' r ’i%r %% r f r V|l4r- f|lM|ltr|||i f||i||| j|H| t||||||tj 4 „ 

l4lk;it4r |» % .i;i tiy fii$r|y IlflfH 

.■ill i;*»^ ^%iU4 %%iiirii iiiivr liriii iiltmwwt b*- 

ll'if*’' ll'itll %\w S IISSP’ III .^!i 4 ilff' Ii,i|f All'll 1*1 ||**|*I|||| III hydnif* 

nrli ^*-1 l' lis i||i« viHilib ^|rrlrillll ftir liil4- 

'^’Ir^"-.hv4 i,. < *'4 -Iiisyrn .ifs4 r'lrlmii in iil.if.iiit flit' lillltit* 

i|it«Mi^i|t|rn ,5.n <|,.r ii|i»„ii'|| il'iV* III ||t|l|ilitlll, 

III lli*’^ rfi4 Ilf till* 

lIlF*. llii|»iiiit > , 1*1"''— .»*'r4l %%tih l|p" ftni’illrt Hfutllii* Itlliy l|4*i*lM|tli 

|«f ili* «• <4 iIm' fit I'jiiy jiiHiy miil |||Hfi, *rin» rriciim 

r«»|“r|r4 l»% liiA- r%lrf|4rt| fr»»lll MUI III HMMI A.IL, 

i 1**1 .%jrl tiir f4*i llint it %%-im fmill 

||f|r.'.?» ^4 1 ■% ;% « .!i.fri4r f -,4 sb 4i«lflfl«t% llfl I*1|l4rt |tit*lll«lir<** 

itir:'iii i,| tiir x \ v- >4 liiir* m iiiijitwillin lit 

% xhir- .4 ft-lif# ^ |||||y n^giirrlial wiiti 

rAi8|»fi4«'siJ»' f’ 

'Tlir Irrt.fr .k ,:. y .V.- ?r| .4 % !m% I**' ill I r|lll|tr4 1*1 itir Itllli PIM 

fvAlli *4 th*^ I. Iff-' tfillllli tllia It rinitilM Ilf riir» 

li I %t * hi aI, i:#, I* I# 

* I I •* ‘ M ii..-. ^ Ai I . «|win# 

* % At-if*' <■> 'i ^'t il-?!*-* 


1-1, f’.rh ti^,% l\ ^ ^ * f _ ^ , 

lliH . f 

Lir! fiiilt ;i ^ir i.'* /' r ' ’ • *. 

'■' ^ I' 

til.lfl k 

It mm v4|^|*^'U' <'Un-M- 1 1 .^■' - ^ :r . ^ ^ 

riii^'ii'i-tl III |*rr\prtiH t^- '■^- \s rl-.-- . r ■- = v^ - :.. ^ 

t*lll|*lNVr«| . riii^» lll'-i* y i r- <;«.•• 

grriiifpl lliiil liii'^ llli|t 4 |tMltr?»^ m- ‘i «f , 1 ., 

llVr ilim^li-iirilr r-mffY tlir 1#^ fi-- .■%■!. 4 -. ,,{ »l . 

iiv r4*|i‘friir«- li* llir- ^4 t ‘4 i ‘.-i I « ^\h.h *'r.v 

1*11 llir litimiiititll iltriiig %k»h.k 4 *t^ nhi^lu kK> '* 1,.^', 4 *4 ,r‘%‘.| 
m'|$«*li riirrr-fit *|rii#il%- i^ liigli if |»4%-'id4r ^4 ^.uu %h ,i:rv .;vt: .it#. 

?*». V**il.^ mill lip" r||||,?^^|«:'^ii r4 ^hr .|ii.j,lf i i. 1 ’. "‘ » ^ : Ul”| mli: 

tip/ i-wtriitiiil liii** ui^-% \i I ‘ i '. ' . 4 ^**: 

wiiniil wviii, ilirn‘lit»r»% tli-«t %%$ih Ing.h <■ I 4, ' 

lllllti*^ rt"|ll«»ttlll*|p l«* r^lH'r-l m - fT^SVii 

li|ll.*l"trtllll t% 4 till*l|l tlir | 1 f!^i|l;f|i|Cil'' llf^r 134 *k,>- . 1 ^. 1 % Hl>i i» ^‘fi,.|, t 

In tti||r|t|:iitti||. It m itilrfr^tlfi^ % d d 1*51 *4 1 

#||i*ri|lill|i|||?4 Ilf lliilir* ?4<*ltll»|rrfc:|«| -.Itri 

j»litnl|fil in Ip'ltiiin liii^liil In** ri« fj 

llfli jirinrijUll til tlii^ rir|*ir-|d I’l,r n\^i r'-aSi*U;r« ,,| |. 

Ii|||tt#l Ilf lIttW' 1^*1 ilt|||r'||«ll iiH"f|.r:% V /)♦ 

llim’*- lig,i|fr» r*if'fr!^|.isiliKilli.^ I« |■*d■4'ntlAh ^4 I rl m%4 I h 
Tilliitii, itir liiiinnititjiii |iiii|rni|;-il ■«>! Iirliiiii-* /.:* J \^>h^ .%u4 fin 

triirtiiii fr«iii ii tim 4ri m4 I % ti.«- ^ .d-.r 

mill 3l'4 III* llir Ill'll i»| tl'ir fiim#liiili»‘«' rsl>i m li*‘|ii|l 
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% . ‘ ^ ■' " '*' ■•■ ’■ ir.fta i4fi|rtil«lislirt| iilm^rvutbiti by 

'* fr«ii||iti/r*NrriM iif 

A ■. i-v •• trt «#ftr «r ititirr Itrnii of 
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. thv'f u - 1 i 'J ^ j.tjiu'5 iff iltr ffi^lii'r itilrii^iiliri tif llt« li?TOit 

A./.'; i s - ^--•'’-■' 4 ' *■' <4 iliip r*r4iiMfy will give tliv Ire* 

-*- *■ t '■ '• v.a'_5^rf a l-iltfl f 4fl4l9#« fcif ||k* imMkm il!i|''t| III 

jif.in! , jtw <s»<4»i, l»4i li'*! ii* ,i tHMsiilfrahlc uxttmsion 

,tf Mill li»,. «. k 4 ;*<- M ihf .4 liafttim. A. S. King* pub- 

b>t.l»r 4 ■.■..:<!»!;»• 4-i.« tSu-.ttUSrsnrHl** iruljj piiltr-H i‘MVt?ring ilu* visible 
,in4 !t( |«<su«n.; .4 ?hr inini. titing a Viu'uum lunmce 

.*< •i..<i!i<t 34 < ilsrs! hr b.i'! inUtnir.! ihr fiiMge «»f tlu'se j>htrto> 

gf.ij*!-.*; "A..*' ‘-sUiit tr.| .sii*l lairH wrral jtlistvs iJSjHTiillly to 

jsrlj» »n jssj,* »«»< <is*' -irtii-'i III this sj»r« irum. All these he has 
^*ri>ci...u-.i:v t 4 »ss#«'«l <»^r^ t4. M»r l««r siiniy, iin«l the results are here 
jrHr)i It .nf «4 1. ,«!«c thr itrultt sltMulil he glveit fo Dr, Kittg. 
II \1 h.»-. «sa 4 r 4 »ti»»lv »»( the ultra re«l, and 

,fc?.4 I .h<* h.»sf lirljir«| to till itt 4 gap l«*twren the 
n»sii 4 ir AM I ?i>r i»itri» fo -4 \|rMii«.ii stuHiht lilw* be made t»f the 
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rlfrtl ill r.i. >f\ Jll4 II 4 Tlirw k,,i%r li«4 tri |^isl4|-lir4 i|| 

full, liiil mrfr ti^r4 l»v |V*|**m- t!ir %4 41 !i* Er 

*11ir lull ^|lt*f|fttf|l «»l 11.1 »4 lllfrr ‘?%xlrtrri ti| wlir^ 

Karfi Hy*»lriii iiiiit4iii^ ^1 knit tltifcfrnl H|h- *4 jii*i 

tlliw lirr ri:itt|lilllilli«ill 4rli%'r4 lltcir t tir |*fr*4r||l 

I'lilfirf k filf lllr |»llf|»ii%r nf fr^raiin llir wfirH %n tlir lt|j»irl *|l|i| 
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eipldiietl mirtbr/ ^iti4 .ilititi^i klniiiii . 1 ! tlmt tiwl h% t*Am4wn, 
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il whirlt h itnrif #1 fitin:li«*ti tif m mn4 «4 **iliri 
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C» iafgri III Myilb^rgn ftifittiiy M h in ikr I«*f«iiil4 i4 
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:, .r .; ot tripkia, Ui/l-fw/). This 

< \U ,d. 1., nu si-rii-s in li.i. <hu‘ to the slmrp- 

ho. i» Jls.- %4, iinm tufji.ur. .tm! ihf fxcfllc'iit results of 
a i iisi-iiiiimt'il lir'.t. ‘I he list here given 
»n*h>.i« ! 4 U\\ \tjv hiini lines nt»t given in King’s 
}.4j « s lost !}H-4sun*| sinre theji from his plates, 
« ahn U, him ,ij hy the writer. 'I’liis series was first 
t* <! time ago* am! three of its triplets 
rite etuirse of the rest of the 
4 ii« 4 , then suggeste«l proved, however, to be 
I .Old wasdittindt to settle, chielly because 
Us* ..nd im-mtier of the series is abnormally 
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faint 1 iiMiltmi? a’* >»nr might widl he fo atlmit the jHissibility of 
•.rtirs m »hi. h ihr intrmiiies ruii ahitontiaHy, then* ts now no 
donl.i lisa! tin , .«mf hofrnsrr was not deterred by the abnor- 
m.iltH irfeji* ! to and suggrsieil an arrangement for the series 
w hi. h pt.>% hr min U nearer the truth. His second member is, 

looirirt HI* mg 

t hr trtir ! , <tinph-% a* are the t orrespondlug ones in Ca and 

^1 a s« .ii»nr Almh H, so far, rare in series of this t.v'iie. It is, 
m .jr.ori .oio.tidi, iftegidar In order to esliihit this irregularity 
tlorr t .or gicrii t ig 1 1, thowing how the tjuatJlUy a R 
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4|.f.lin ili |i,i^'^illi! .%hmg llir Wlsr- If. .i, .u-A > ■ ^ *J,.' 
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jirrirn* ftir grralrr atiiifa*) Tlir tiit%r *4 ir-^Htu^h i’mi iIih wiir%. 
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vrry lmuTO|»lriely iib»fnvt| It i% vrty (jiint m<| lln* in ilir uJim 
ml It ('itmliliintitin Iwltwi wWi h an- 

t« othrrn In Vn »»»! Sr; It in unly by *4 ibr»r tbai ii^* 
vm hi* mHtleij Hu* liM trifilvt in ihr tabir Wbtiiif*, tit ii fM.itbr 
ntatk'al «{ ir;n*t. in thi» but b. |iby*k 4 tl> %}♦* ,iiki|.t. 
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!.,■ )<'. ' 4!. nl.iii.ai it>«iu any cuinhinutiun and must be 
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|Vi#i«if4l I/# 5^1 isfii^lr lifiri, u5l -CiwPK" Thh Heries has 
j*f*»%r4 t¥.i hr iiiir-%.j*r» triilK' iliilu iili til wiirk tiiit. After the cor- 



s ill t";i 4 ii«l $11 Sf wrrr 

1 tliM-: V 

Iinmd. il was evident that 



n-'imin. 

{t*S)«4'iaA4 4 


- 

tmm 

: tn 

%. •i 1. *; % 

1 i 

liijCni 1 

t 

V''# 


114II# 1 

s 

1.- 


% 

3 

j *, ^ 

1 ^ 4 ^ 1 1 

:um n 

4 

j •: 1 ? ^ 


j|ii 

1 

s 


#1144 

’ft 

7 | : 1 « 

16 4 -^ 4 -fil Iw Ifci* 

f 


ilii^ n,riiri fcmi ltf III 114 iiiitt ^liiitiW lirgiii willi tlii* lliime 
hnt % k\u Is* m riifiirr 4rii»lr* I rerwiirkwl Ihitl X 2597 had 
r%A%fH I lie 4%|«^ri l«f II iiiriiilier tif llii% lerltm. Litltr cm,* 

» i 1 #^ I II, liif# 

%%'h Tii^ fllrtWtttl il thul llwt llti 

11%/ -I m*mmu 4#t4. «» Im ^mmt. 


\ti ! I * Ml ^ ^ ^ MM/ * * ’ / 1 ‘ ^ ^ ^ ^ ‘ ^ . M , . ^ , 

lir/ ‘ 'M t!,» *. ^ 1 ^ ^ ‘ / ^ , ^ , 

t|*r!«l in 1^4 Un/ ^ : ’.^ ' *'/' ' m*-- *' n.v,r;.r : 4 

'Mis M vm'iiI |»ln*t<-i_n ■'- '* m. '.m >■ -. ^ 4 1 r* 

’{}‘r\ ^^^» m; . ’ i- ^ !:-• * !v n r 

Iiiir% lo! ilir *iir..!Mn*. , Ifv, t j n ni 

ilt*44li»r Imo litir% \ 4;*.^ .in!: % 4 I <. m.'] A^*v.;r tlirtr 

i'. ||ti otlirl r%l<|rli**' 1 gt*- * 4tr 

flllh h\ M‘%'rt.il «tlr.sri%r*^ 111*4 h^hri^f v%h- .1 imn^r a% 

Mitifit* ill mliiiiit itir« wiirt ii|ii%l t-iiirb .i|*|>c.if .<*miArir ,iii 4 iii 
mlliill, lit l4ii„ it-^ ilt'^t iiiir i% trl 4 is%rl%' %lf.ni^rf thxn U'nitil ||i^ll 
jitrii4**ll b.. «4 r«t|fw.. %tiiiiiir 4 ha lii.r.if «fiialrii 

lllwivr, lillt IIK’* kis^«‘»ll UlW lir,.,ifr**-l t.-s h rt -> • . \%% .%% 4|i4 

fltir tlllpl tiirl'rlwtr %i||*|^lHr citiiri t||4l ilirSr n %'usrr rit«f i|| 

kiriilifiriliwit in thh im**,. *>t m 4 n^«iif4c |*4« niiitly 

liiviiralilr l» llii^ yitnl ill ^4 Iitir- m€ risli.iiwrft 

Ultirf^ fsJlil lt<» 1 1tr bllrf 4'^«pS'>|4iMSi I..1 i|ililr 

imiimtilr: 

lllft I'tiiif^r *4 llir wtirn fr«rii'fii 

illji|l«rt Ifiiiil lli«* »|b 4 «i%-rf-y »4 n.rfic'^ ||t»iti il, 

lllltl f♦fr^"llir*| fir'|ti%i 4 'tir liiiiil *4 lltr hi$'% l*rrii ,i« Ai|t4trly 

iiii?t| liy iiiiniti.^ i 4 *hw *4 thtnr ^ ^ ■ .1 « l»i%frrii 

itiiil it?rif% illl 4 itir |»fili»i|i 4 l %clir% «i ffij^lrt^ 

*rill? wife* h ilillwtItlAl ill llir %4»*ir nifiitr lli,il llir liiiiilawtriil-il 
Strift «tf Irjjllrl'H h llbll*»fli> 4 l* lll^l 1.^. llir >i-i|t%r r 4 fcii 4 i| 4 i*t I'l- 
i; ^iiniilr tiiir* itiiii hm %impy mill iii liir ^rttrs 1 lir tnilri 

lillCi \%U\-t util yrl I^Tli lftra%l|fi%i %tlll |^fr*i%i*#si, 4 il 4 

tbtrtfiirt lilt fill iniivr *4iiit»jt y-rt lir liin'mi 

iwim mj mm^ km^%, iil*^ "llir ri|*cfiw*rtii 4 l 

rvbifllir iri'r*A 4 fy bif llir imi|»lii.iii *»l Ibr li«r*i «i 1111*1 i% 

itlll Ilf IfilH Ciifll|.iirlr It'# liliill i%i*f 1 % intumii |i««« Itir |?ilit 
ci|»l. mflm. Ttir lir^^t in m i til? !♦ |»i«bdii 4 % 14 i .it ^»tit hi%um 
which li rticl^l by ihr ilirir #ifr 

«*ftftl jmifl til tlm> III llir II# '^|m' 1 f«llli with a |lrf|iirnt 1 4 lllrl 
rttrr nf iiit|| ,1 #iiil «nir li^ «! r^tli *4 ilir^r 1*# .1 
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' s I hi", in.lu ;Ufs tlu* I'xistt-nce of .shifted 
* I ' ;o<, 4. ur 4t»fi{.i t. If this number 
M nrs, it imtst itself Ih'ji term of some 
■? be ,i term uf the sh;trj> series, for {2S) 

: ;.is;e» ! i<e s.uisi- » ,uj be said for the fundamental 

1 ; ! brh.tijj to the tliiftise series and be the 

1:. !io . . ,i .< ,.ni- ,,| the series ending at this limit is 
j.O.b.d.h 4,. !u:..ia!ne!lt .d .eries, .ti,d this is given below. 

H.iiin.; 'iv.'. Slse 4, due Ml the ditfereiiee liP)-(iD) 

sis. Olid eO'-e !!><• So 4 hijr >«t the diffuse series, fi/*l is 2t(}6q.2, 
an.l theus-oe ?!»e diiSefeiue is ,i negative quantity. 'I'he occur- 
reiee .4 Srequrinies is nut uuioiitmon ill Series, but has 

n.it Im Imk 1.» « n 4 rd l<»r any •lilfuse single line series. It 

M» i Ilfs in ctties imarsi i e g , in the diffuse series of pairs and of 
trijdei t III the Is.i s|(» . muu Hesides, in all sharp series, the first 
luemtu* ii il * »!»*• lit ! tni-ndH'r «*( the prituijial series, one of 
lhr*r ?Mun' t.ilrii with .1 negative (requeney, thus giving a close 
rel.itiMiediiji m .i!l lirtwreii the series fi.V) — (?«/’) and the 


SI' lies «/* MtV jj, tJi,- qti-etruni uf Ha, and also in Ca and 
Sr llien r\t 4 thi ! tiisne Jebi!i«<iiship hetweeii (l/f)~(w/’) anti 
ii/' w»/t Mu- fsitiner mS these two is the series formerly 
t.dhd si,.* win. Il IS }fHin fur Ua Wuw, as a eouiliinatum series 
uf priiwip.il t^jie Ml ihr 'Singh' line sysieiH, 

I In- diJlrfenn up ifi . ignoring the sign, leads to (1664,1), 
ivhi* h lot s il line *»j iunir iiiragih, ulisi'rved hy Katidall in the ultra- 
nd I his IS iliei* f.»tr at «in»r the lirst line of the tlilTusi; series 
and «4 tin* * ,n!il»ifi.iti.»n letiro ‘Ihe term (il)) tan he jiretlicted 
In .1 fuiimiLi bill 11.4 rvrtt «ly, il iiidiiales that the next line of the 
•liiUi ir lir 1 I S III the ultia led, l»ui further exiH’riments are needed 
fu seiilr tills line r%.M til ainl lu lis the Milters in the series. The 
irs! »»i ihr ariir')* inav, fur iii'.latU'e, tittlude KX 1)841.7, 6144.59, 
■».*<*;* « i ii’;; •»«*l **•'*•■ W ***»' ‘t«ttldnidion» 

tijt,* < j|» .Old I I.s* <y/iiappr 4 f iMexhl; hut t here is no del'mite 
rvt.h»i.f uis hand »n «hi»h IM tletiile whether this seletlbn is 
. I «i «<»t c ii»i(cfv»iiwn» on the Stark eflivt ni Ita shoulii 
ir%r.d ifiM -tenr, dinr It «|»|»rrtr» that iHtTuse series are as a elass 
■iriroioe to llv eleilrit ficlils. 
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* S tl .»i *4l«' .. SI %4*%rf4c«l lliir 

||51 (ll^f I I tAk . l ^ A" a a r .il- Istir 

ttifM* itgfiTHtriti^- ;iii^ giifitl, I lr*i ItsAl lltn. Me 1 . af- 
reet, llllli, if «!'l, ir| 4 riii| fi'- S^ tlic %'|i4f|* lilir it| llir 

llllfsi’frti l'1ir lir.^1 tilir i*f Itii*® wfir»i esumA kr |ii4ir4 aiii l|■||t| 
eerliilily itl jifr%riit' llinr 4tr \r\efsl Istim m iIm^ liiriy 
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4ji»rj*. I'jiti*** tlir ••{wt'truiit ciiniMiH* Mwrr !li4tt <«»Mr H}»r-» «i »•» 
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fltiiiiti* III twir ill lii, 1 wn iitriiil^t% Hfr r»<l Ijifii him! 

thcif Clllculilsl jilttrfi, "I Ilf? fiful^ #||i| %lit*ii|fr’4t 

atnilitr ilniiiil li# lii i|it idtm-fmi, itnil iit»i I m^rit f4*wflrf|, 
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XrfK! «/' *«/ • i'* .» vfr> f.iiut «TU‘s, Only 

..»« Inn Itt; ir»n whith o/*) ■(«/'’): calculatol 

V a.’.jM.j !, 4 .--.I i- Mt'KKtTs ri*|H>rts this 

Imr .»'< .jl» » sii !5,.n, hi i j.l str., I«ui .mj of tin* plate under 

Uir i«<< f hi'i-.j.ihir |»|.dUii 4 *, Jut tthidt f was itenerously given an 
Ions* t. , ihi- lini- .i-i jireti'iif, though faint. The next 

!in< <4 ilij . nrro . do.til.l hr ,i« i i».H 4 5 , hut has not been found. 

SV#}*-: I s »»sS ihi > komtiination in jawsihle. It gives 
u, » ,ui«! thm- n a t.iin! line ohserveii at X. < 000 . 37 , 

,0 j j -,1 I Itr .kgJrrOlrOl i<« muK' f-tir. 

s».. tl'is uV'Hr.U eu%H0.V.t«OV sKRIKH 

Vr»«. : ! s , 1 }»!'. 'u tirs ill the s|H'i Ira of other elements 

h,*k !»«rtsiK ....sssr into ■ otoinirrahli' proftiineiH'e, It is strongly 
rnl«ai»t*4 lu tin 1..4I irio|it-raiiirr ovefi sjH’rtra, and tH^curs in 
l a aii4 'SI N,.sitr fr.rfii phties taken Uy Dr King show that the 
oiiU h»»<- m li.s who li has this projirrly and lies in the projaT 
pall i!»r !j»r, tfinii t«»f the line u.Vi is at K7«)ti. The 

Iff'! .11 .an !«• taitiii.l hv gelling o.Vl ajtproxiniaiely from 
th«- ptooij>.»l trio '. singfr lines liy lahulation. and then suh- 
if. .10 si the Wiiet known lalue of In this way 

itsr hnr j % j jS. IS idriiiiitetl and from its wave*«umher and 
tl>r .pi.intit', i f«. Ho- saine of <i.V| b reileirrmined with greater 
1*1 r< Ihf : sftirs (adrs away sharjily in this grou|t of ekv 

IllfMln I Isr ‘jr, IS m4 liiir %ii«iiil*l lir ^ fiiiiit iiiir atitl tii riikulitlecl 
rt % I i.|| ulitiw m iftili iiili* lit ^144.181 

:il|f| |! Ii.li t*rrti 1*1 IWiI, ilf ttf S.II 
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SffifS U«ll^ n, |f |,|*1 i r»liil»IH4li**it I’* l.li^U 

Likr ail l!ir nllirr tinnih'iiii* llir imis-t ♦til’;-, tin. 
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tiring faint "Ilir l%v*4 rirm 4 y rrtilr4 -irttr^ ^ * mi* .ilri 

iiiigiit lir rt^|i€4lrt| tci Tlinr .nr lutr^ 

wliirli iiiigtil i^m^ilily l»r tiirtiilirf-^. i4' itir wfir% -i.ly' 'iiiltr. t»iii 
Ihr iigfmiiriit k iitil %*rry ainl tlirir tiilirt rt'i4rtiir m 
fiiviir Ilf llir r-?ci^lritt r i4’ itir'^r t t*inliiii4iir*ir4 

■ftlil..t 
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* 'I'll# |::*t# i|f4S|fe| »||(i|| i|Sg,»sl*# i» -: I f i # #4 • • ^ 3.- « f > 







^ III. I Jr» rfiilirf 


HnlMIVSlCAl. JOURNAL 

\ I I \ \ I i? \t Hl'\ it’W I IF rilC,)S("^( )PY 

\\i» hsUH}\umt:Ai iitysic:s 


lA 4 ‘ »lt I ■ 


DI CI \\Hi;K 


NtIMHEH 5 


UIVI'-ImN m| nil si KUK JN' the SPHOTRIJM 
»‘l « \!.t *n M 

r \. sUMii ns 
MiSlUM 1 

/■' I il/ 19104$ mi im-iki \yikm$, lmm\ 

ntt I<r. fv? <A V t .a- ...... : > f. v. «• tm9i, |!4» M |« flif r%lr|i4ritl ttf mtmt 

i,i a,’ ■.■.'x^.:..>.r. r r \h‘.u gtmkt |»tri'i%l«fii .aii«| tlir lilmtlfkatbn 

^'1 * .. -.• A. '.'.4', . . ' I ,! c .5*riir%:*4 itl|*lr u k r,itrrii|it«| iti i| lertiiiiml 

j» i|.',. '«u 1 ... .f .t-.-L.^-i . . ."'. .^..s ^5 knii Itlffir srfir^ iif nth system 

mpA I f ■ , s=rs.. gi%#n 4r4 ititlhiiitiiin Ilf ihrr^ fMiidble 


tii liir -4 A *ifu<l‘v <>.4 tlir Hrrirn its tlir ^ijirririirii «f (Yiiic.inne 

iirt' 4.Ai4 lia%r- i-.r^n ^.*l»i,iiiir4 m-liirli ji t|tiw wiirlli while to 
%tiii4istuiii/r m .1 htMri 4fii»ir \ tiiuivlail^tr %4 the ^Imrlure of this 
^ 1 ^* r*. Sfera^ fa ti^ 4r-^ifr»| W'tiilr it i-^ rehtl.i%Tty !4ttl!|lllt, it Is 

v'« fh.%n li^ \a, 4 ii 4 !}i«-tr (iT4ltire^ wlikfi iifr liinv limy guide 
III Im'4 4i 4 fkr *4 ilili i<ti»fr r*iitijilr:i ^int-lw. It h«ts not 

%r| hrru t = * < L*^%ily iill llir liiir^ ill |Iie 4|ti!i*tri|lll* blit il 

* t#fr»i4rf .il4r .%4% 41%^ r m llift 4irr» lit.«u hm twii iiiiidr, Miint tibser- 
% iii^in .i#c- i.rc'sk',! III ihr iiifrii-reti mdirrr the exjierb 

«'*rtll.l| 4l?L’. * 4 '.|ir -J- .I#r k*f iiii.diiblr 

1 hr 4-*.r4 ill iip% m'rifh ||4%'W tireii Iftr %'mwiiti tiimib* 

Hr . 11 . ilic hi4 t|%s.ifi/. IiiIm% iir liveii, fiiHiiks all 
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h\ in \ Kiiu' !!■’. n'n- ..^5 

II ^1 ^., ^ : t'’', ” ‘ , ' . * ^ I i % 

!i'.|n*4 H-/*.*, m’-. l *' f.r', '.%■ n. :rs V.-- ,‘-,| 

! hf /t'rr^^.in rt!i-. ! !--! I -', *!> ^ T--^-., l\ - I'.rr. 

jip! !ii'. ^ 1 

li.hini •i»!|f»r' »'! inlMfiJ- .ihotn * 4 h.i,-, n.-rii flir' 

Il'iirL h! I Ir'A all4 \|*l \lllir4/® %% ill;* li «-S ■■ tfs*’ % 41. .| 14 

triliii t rr\' t}ioiii|i|,*|ih iiilliiii .i *rf l.iijj i 4iii-:r, .in4 A^th .v.4i^;-ii .il^lr 

{ifri 1^1011, 'I tirtf %%A\r Irn^th'i llir iSilri ii 4 li'^>ii.U - 4 * Avrn, |i, 44 r 

litTlI t.lla-il »14 4 }i44i4 h*t .ill lisr Ii4|-i iirtr ^i%rn «h 4 i!|mii 

'Htiniilii tir tii*i4r -*4' llir m-sirk *4 liolt/: " thmr , \mhAt%m4lrh' , 
till tlir ilfi' in *iir. Illinr itir t4 'umtr *.4 llir liiir-* rlil»i 

iin llf»llr iiir4'*'4ifriisriil '* la^rrii^rt '4 *li4‘*rf!4li-4is'‘ hilnri- 

V 4 tif-tliH ill ftir rr*!. , 111 *! 4 j*4fli4llv nin.i-.-d'iil .ittriir|4 4 I 4 
lir'illitin ni ’'iiiiiir of liir liiir’-^ jiitu mtttr’A 

I1lf ^ijiri Iflliri of I '4 *4 ilirrr -.Irriv; ^4 -jrflr-i. r.|i }| 

rniil;iiliiii|| 4 l lr 4 Hl imit lvj»-r'^ «4 t^Mfriliri milli ^ 01111411.111011 

.Jl.rrir.4 ilrri^Til frolll tllr'sr ,.\!!riiln*ii r-. hrtr Iptsilr^l |o Imo i4 |}|r:\r 
iltr irijilrtH. 4ii4 I hr liiir'% or ■■'■■iiiii-^ri 'i liiirr 'i Vnlriii 

ti|it4ilir«l tiV' I'tiirilniiiiliofi'^ lirlmrrli llir’-ir 4fr iiinmii* 

hill iiti %|.|r-|| rriiiiliiii4tioii.% iinohiis|f ll$r iliii4 '%% ‘%trm, |}|..it of jiiiif'i., 
hi:t%'i* tireii foliii4 1% %mr *4 iii4it% lli4t lr.44 to ilir lirlirf 

tfllll till" }»4ir %yHlrlll l:*y 4 4illririif ^ il»i'4l|l||f |iir% h4lii>lfl, 

jirt?Mitinih!y iwiii^nl i4n i»r ^ 

Thr hilif lyir- in r4ill Atr *4llr«l llir |»fitii'i{i4h 

^hufji, tiilliisin 4 Ii 4 itiii44iiiriil4l '14ir ii«»i«iliwii iinril hm 

iilrr^tly lirnt * *l'lir ^ynit^wil i«if in^i^ip r.,. %i4iiil% 

fiif iiitr t»| liir **tri*iii%'* ii%'4%'r4it|inhrf 4$ilrfrfiir% ftrlmmi liiiiil 
iillfl Iii4i%4ilii4l liiirl* of llir |ifii|i i|tiil »rfir% of tri|4rl;^ f# Ii4%iii|| 4ii«l 
iiitr||r;il %%tltir imm unity ii|n lln^ i‘ofrr^l*«»ii«liii|| iitil*i 

ri*fer^ In Ihr |ifttii'i|i4l %eftm tij %iiiM,h"l.» 41ir iniiiirt4li«4i 44o|iir4 
* §% - 1 % 

%4^ im, t*ji % 

* I'ililltirn, tijij* !?%■!«»•, -I in 1*1.. oj4»;, 

* fi, |#n s*iti 

•III ItiP blgiMit mI Hit |||.ilif r4|»;ll m im llir riirtti' *4 

ilw r»l#4tiftg rlri iinii ifi f#iir 


writers. ! When uses 
* ^ ^ ‘ ■■ ■’ " *** tiTUis un,S ), while Kiiwler 

'■^ ■ I *>»-''ry hunishrs as yet no safe 

■■'■' ' /' “' ' ' ■ •' ’"'•*■ * »J in imp) is taken as 2 

*■ ' *' ■ ■'“ ' ' ■ • ' I an.t in what fulimvs. For the 

'-• ''* * *’ ■'• '■ 'aith i F.nvItT with while f have 

; u! having m always the same as 

liu irs- r . • I.'.,- . .'{» !. .3'.. Stive Hfiies nieiither, iounfing from the 

lii /IlUAltUt ' 4 t t’.r •,«-5 ir . 

! hr t. o‘! . |.}3 tiH.lrr the heatiin^s of the imlivulmil 

.3.» tiu i.-j flu- jiijilit ■ivviient, the singlet syntem, and 

jlllrf -ilrin s s.vti! 4 ,n .it 1 ^* 11 %. 


iiir turn. tv HVsTi:it 

t/. ;; >r.:,r: imp} 'Fhe lirst inemher of 

th», ritr , V. !h«- to a meinltet «j| the Hhiir{i series; its lines 
are X,\ 1 't , 'itt ; : jj, fttm •• j I he torres)tondtng terms arc 

i» s^* o t he ne^t triplet in this series has 
no! >rt l«» jj ..«ii a.t. losih ohm-iwed, lull its [tosiiion ean he 
lt%r«l ihtotigh the • ooitiinaiioit lit/) ijpi given hehtvv, 'I'he 
prrdulr.l w.tvr Irngthi afr J. ?; two lines 

lenr hm n at J aijil it,»n5 j; the third line is 

the lainir if oi the ihfee and has not Vet heeii found, 'I hls tri|>let 
is enlangled with the tost ineiidier of the dilfuse triplets, and 
h i ! ii<ti let heeii :.»ii if o lof ih resolvisj 'Hh' third triplet of 
the series has n-<i lirrii «»hsrrvis!; it must he very faint. US a two- 
h«»Mt es^}»*.orr »»j tin- s aj*of lamp s|»e! irttm with u large prism spec- 
trograph nung a ditiatiiti siaintsl plate, g.ave no trace of it. Its 
jHisitioii , .in he » ah nlatrtl, however, from the combination 
u*/' ' gim-n Im-1ow . and the lahuiatcf! wave-lengths are 

otoA ;-i ,jo •ro.i-s ot, of thcH* the last is the strongest. 

‘1 he J«»tiiih foendo-t of this MTies cannot he ealeulaled with 
• riiainti as the > otidfifi.itioit ut/t Ufi) has not liceii identilied 
saJisfa. toiiU , tail there are iiidtialtons {Miinting to a value 4.142 ,7 
for ihr trim the ihfre valurs of which would l«s very close. 
|} this is < or»r. t the tripjei would la* nt*itr X 744H 3, Imt it has not 
hern 
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‘■^iiiiftini with ♦iiiiillier the 

u'tir i%4v tlut ihv jirifiriiial is «m- 
H, l^^vK 11ie shrinking 
. .i .r-, j^rogrr^4\'r md regular. I 
■■ :,..i:: r %,i!inn.i!i».»n t»i till* itirresjitincling 
4v! s-4ii4 in» irrrgiilirtl \4 even tliuugh 
».v, ti .r4 frUMlint 4 kirge iiiiiiitier nl new 
iliiH Hrrir.H in C‘.i. the .shrinking 
r--4!.rr. 4 !i 4 ilir ifrt/ni|i then widens pro- 
stsrsnhrr^, Hiitr^ei|iieiilly shrinking 
«li'»itif|.iing the itiiisiiiney of the 
: . 4 . i't deovii hi the tallies, llie ^‘eurve 
•. '4iii|4r, m 4i*n%'ri in Figure i, though 

ih^i tlir Mh^rrveil |irrliirliiititiiis lire real; 

. '-.siriOjilr |»4iioihi tali hr inaiie to til the series. 
■. luiiird^-ird h% the iiilriidfirs; I lie eighth triplet 
thr ir m unduly ^Irtuig. 

f5/: iMif'Uu' ‘riiiH series has been 

Atid It limit i% here given with much 
is,vr4 l»ciorr lia trfiiis are really roiiiptei, proh* 
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lifiio it! II ! *' ^^•:..r.,.:v ^ ^ 'w 1 

In i*! 1. !n^ i-. lh«' • '**■ ’ -■ • ' S ! 

Iirilii: !h«' hl'.l the *!inu-»' n.’f.rr, t.r.;.ns 

SiiH r flii" inn'- - '• -'■* --I'-i';.*' > ■ t* nn* rut 

sri ir H 1% hii !i lirgiiiH .ih n * * mil Or \ -.n i <n * i . . -n «n ..:«■■ I * ^ ,i nun 

trilOii 1 lir lllifil Ifirinjirf *4 tlir wtir-* r. !.i.|iil. !r>-,| ,,«sr:.r‘; nnl 
lirll iti tlin Iniisl* *t-|T^lri|rii ,iii4 iii llir % .m xintr, .u^ {i-^t 

limn, iiilli Mfir r%ir}^tir*in m tti«' *4 I 9r%% .iml %i*i .mlm', 
1 lir> iirr 1^1.^ 4% 4 v.-- 4 . 4 , 

lirrillli^Tii ill tlir nfilrt nl ll|<nf 4 :f*nt|s |^rnli.«rr, I lir i-Mnitli ir.rriilirr 
lllll?^l fir i^tlJ'-'rtiirlv lOiilil 4 I n 4iv4 .|<-?•■^: 4 y wnii 

Iti Iii4ii|ig It* it, Irtll it %%■»%.% imi^rv-nlslr 1^* * •»*ii!»|s|r tr tlir 

Strifi Mill ifff?n 4 lii^ wiirn lir--^ m tli*" nOiir^ tr4 4ii4 

Hivrtl tiy l*aHiiir|| tlniy «*-tir niniiiirr it.n-i t«rrn oi.ririi r%l, .4 1 Imr 

lri|*lrl: ill .l4Cni|4 th nml inCi.|-,.; fCatltiitll 

flllH»lltili^-tlf«i'f ItM Ii»l|ll4 Init^ilHr Iii4n ntinsr^i nl .1 inriiilirr 

iiriir X 14 

AVriV.i 'Up' m^l'^ 11ii‘4 4 |«»^,**4lilr Iml -.till M|«iatiiltil sriim 

III itii? iillr*r'ir«.i ll |i|r4t4l»iy i4Xr‘» t}i«^ intiii *4 |ffriiii|t.?i *4 **4% |jiir% 
Tlirrr, iil XX i^, ifniu ^n.. iiiiti ifnn H, Imir *4rtrr%rtl* 
wtllrtl il!r.lll l«-i Infill jiurt ui %iH h a h%tt it ii«*t htlh l’rn«*hrtl 

m%i iiiriiilirr li*i.^ iifil Iw^rii Iwiiiiii 

Tilt; i|Ho|.|:.t 

Pmifipai %mm #»/ tinilrli; 1 i^'i 1’tih %rtifn itir 

iifit fiiriiitfly ciiitrti Stu iiii 4 it hA% l»rn kiitnt'n iut «iiitr itinr * If 

ciifttailli lilt rtmilt lltie X it||*l Itlci*t i*l' il.% liiir^ .tir *%< llir % 4 tiir 

clifictir* liiit h, tiiAilf Therr %% iiti 4 ittitn 4 iy in ifir 

illta.iiti», liiwwtf; llir f^rfiiitl littr k iiim'li Umt 141111 , hipI 4m^% 

ftot A iJfiillftr fwiilkrity afuiriir* in llir 

III Hr iiml In ll;r Tit wruk lliir him^I Imhmg t«i ilii% ^nim .r* 
iti “ttfiii” l«ili til tmMmtmm wtiirti 11 tr nl 
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i ‘ ’ }i 4 ‘'i 4 |^»ifil t»f iiillr%i«iii, ;m i*rircfi'!icr 

I nr !rfi!Vi i^i%rii ill thr lalilr fur llii^ scries are 
-^! 4 iKr 4 ti^m% tlii-‘% '*rrir 4 4 inl llir merits tlDj-imi*) 

1 r 

Vjfnvirir; f ' W,Vl. wfim ItlllHl* Iiy 

!^r .1 iAul% vii**ii|| r»tir litit it i'* itillii ii!l III Hriiii* iin imirnt 
v,n!n *rs! uvA\ i hr iniMfiiSiah*ii HirnWirtl by tlir / 4 *t*i!Kiii dfect 
l,iin. !•* ilr ihi’i tt*mt ,iii%" iilttrr wrir^ nf itiiti iibmtrvii- 

lirii I 4 ir li* liiin III ilir infiM rrtb wltrri? jiiirliriiliirly iitmHlrtl Hiere 
4 rr ii»» * i.»ii‘‘a 4 fit 4 iilrrriH'r% In plitir ttiir rfitikt! tif lilies. laireiiser 

txms iv 
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i 4 I ,1 :■ 4 14 
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ii i -I 

iikruhtHi «»«l tin nrrangnmciit for the licgmning of this »eri<^ in the 
e%j»ri lilt ion thnt Inter oliskcrviilloiw would yield lines to complete 
the series a* outlined. Such lines do not, however, appear, and 
instead we have others which fail to lit into his scheme. 

*l he liwl term of tlic scries must lie the limit of the principal 
series; the limit of the scries is likewise known. Hence the second 
term may las caleulatcil, roughly, by one of the .seriw formulae. 
.\ny one of two or three tines in the infra-retl might serve as the 
torrtrsjmnding line, the second of the series; the one here chosoi 
works out hmt, and the rest of the series follows with reasonable 
certainly, 'iVo of the lines run {lamllel to two ultra-violet lina, 
which must kdong to the combination series (i5)-(wS) given 
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hrhm ! Irr» rriii»ilir!v. thr i-‘ 4 *vl 4 !t-!i -II AhiJi ihi* 

.iftMUlrlV^vn* V 1 fir iUt%e tr-a-I.L.,'* |, i;-l i 

hill tti*iti ih.it t:r*rn .us^ 4 ni,- tfir ,iv,4i 

;ili!r !illr'» I hr /.xrnum n"*- t |.*r tlir.*" i. !.ii . kn'-A 4 h 

i'nrrril, li.iiiirH , Ii^rn-ud !ti|^!r! > I li^ It.v’.t .4 ihx Iv.ir . m flu* 
|*|}jit* »irr iirttr |ir#’ii *4*i,iifir4i is-:..; 1 U'.r-' j jn» 

l.i^^il •»iir in 'vrry ii*.»iil*liiil 

llijlll^r il' w|l 1 hr liinil *«! IIiih ^xtir% 

Ilf I'ltlir^r. klitmil. hrilll? llir trim li* ^ ^4 lisr |*f lilt i|Ml nrrir*. til 
!*|iilr tif llii^^ ihtii il.% toiirtr m**nhi l#r 4itt5* iilt 4vr*i*irf mrir it 
lint fur llir mhlriitr tif .1 ji^ir.illrl nrtirH in |||r nilf,! ^mlrl li*i\iii|,* 
fill* sililit* trrtil^ 'I'lir hi'^ tilfrr lilir-'-i .ifr llnt'-^ * Ln-'alar^ 4 h hrinligii||| 
Iti^rllirr. Ihniiitti ihi” ^rrir> In -wiiii h ihrv s** 11^*1 i*lriitiiii%| 

ill lliiH m^iy. I'lir itiir linr nh'rii ,it i!ir Ii«m 4 **1 iiir i-rfir-’i Ii 4 ,*i mil 
yrl hrrti nt.wrr\'r4, 4ii4 imnhrH .,1 

ivilti fill in il"» .Iis4 llir nr^^^ti%r If r«:|i|rl|is, ) i»ilrr% 

llii ?i|i|fi'i 4 il tfiliiriill)-,. if n|ir it millin|f 44 i-iiil itir ♦>! '■♦iiili 

II filing ill tiliirf wrir-'t l‘'».ir iii>l4i.m«4 itir iiftt inriniirf *»i ilir |■*ftll- 
rij'fltl firfiiH ni iiii,t%t rlrinriitt ,1 irjriiihrr.. f-nil tinlli 

fwjlirilry,» nf llir 4141}* wfirt Hs^isrilitiig ^iinil.ir iiilli flu- 

flillllM? IrijsIriH Ilf ll;i„ 4 li 4 llir 4 illli'tir |i 4 ir^^ nj i '‘4 Vf _ ^ipj ||i| j| 
rviitrrilly rniiitiinii wit.lt tlilfmir %rrir»i. 

Itir liiiiil nf llir Iwn *irrir^. fi-iriiirrlv iri 4 ii 4 tVl.j i:'i 

I, ttiH iiiiiiilirr iiiit'% 1 ,, 4 i » »'*t«lin.g i** tlir ifiiiiliiii 4 tttiti 

jiriiirijilr iif Mit4, ii%r!f ;% Irnti l-irl*iiigiiig l«..* ^*imr ’^rtir-% in itir Chi 
'Hirrr 1 % tin nrrim^ till! Ilii^ «tiir in llti^i irnii iiiii 

briiiilg wlllimil jirntliiiiiig 4 ijiiilr tiiirr4w*ii4lilr %rf.jtirtiir $4 trrtn%. 
1 liK iiiii^t tir tlir trriii ^ iHh. llir lir^l Irriti nf ilir 4illii%r %rrir^, iitnl 
llir liiiiit Ilf liir fiiiititiiiriiliil All 1114 y 

itritwii fnr Sf. 4ii«l Iw.^ ^Irriiily Itm-n Iwr 114, llir iilriililis4 

liiill Ilf llik %rrir% 11 % llir i!illii?yp in. fiirl.tirr n|rrtiglli«ir*l hy llir i4il 
lliitl Ihtkaiiittir* Ii4i*i tiiinrrvnl lltnl k tinr nf lltr *4 itii*t 
mfim, k 4l1Vfirfl iiy iiii Iklif; iiiitl it tn Im* triir ili.il 

the Stitrl riiri I i% grritter fur tlillii.w? mtim l.liaii l*ir .itfiy fillirr n, llir 
i«!rntiik4|}*iii Ilf llir m llir fmitiiiftiriiliil fnlltiw^ liiiiii llir 

rhiiirt tif liit* trriii I till wiiil itjU'^arn iilwi ir« Iw* ir4^4i4fi!r, 

* i'mmmif 1^ 1^1 i» 


'I A*'/.' It till .'t ft I f<.S tl !•! I ,|/.l II It 


“t.** 

^ir., • if !«5iw . in . of iilhiT Hcrk's, 

ii.H. 't .I'i'.M". is.-i f.ti ir.<!5» ih-i'** «»i llu* hvtirtt^fi'it 

1 5. •; f ( h.i > Muiiiiiiil iJti' Itrsjiiiiuiig t*l ihit •.rrk*'., but. ;ts in 
f Ji. , i »’ i i !!i( j.u-. « jji. .trri'i lly Hr bruan il with a Jirgativc- 
jir'i'i' ’*' ' bf'* ' J h.ur .!»•!«• but a iHlirrrnt «uu*, and om* which 
Ir.t.i, !>. JsM . . si-J.irnti.aii i .tnd has ajijiarcntly tm jusliliraSiun. He 
.»! •< isj< hidt i 4 lisu- \ f. jfii whi«h n-rt.iinly has ihr wrong Zmnun 
r!!>* ! ! H.« <*t hr. linrs ,\X ^iS«| and inSy, are. however, imiudetl 

in tm ie.! 

/‘wndsttscfsia,’ wrac* •»? 'I'he foregoing 

arguiiiriit !i idn t.i the idrntintalioii of this wries, formerly knitwn 
as Sl\ Its liisi-s are here gK«‘fi with greater precision, and the 
last three an- new I he limit is imu h more amirately tietermined 
than befon* I he amilarity of the terms of this series nml those 
of the fuiidamrtiia) series »*f tri)i]ets niakist il jKw.sible to »>btain 
a tisefnl check on the values of the limits tif both series, furnishing 
il dire« 1 1 oniie* Uoi» lielween the trijdet and singlet sy.slem, in addi- 
tion to that givi-n by inter system combinations. The limits of 
all the series given iti this paper have been adjusted to the best 
values ronsistrnt with these reliiiioiis. 

e«»Mntv,\ tuts* St ait s m thk st.Nui.rr system 

,SVf#e» ult) This Is the serit^s formerly adletl SL2. 

its wavelengths are as follows: bq, 5041.61, 4526,94, 

4j |o 4fi, 405S »j«. 4046 05, and 4871.54. of which several are now 
more atdtraiely known, suid the last is new. 'I'he series is of 
mediuin strength in vaiuttm .sourees, Itut faint and diffuse in air. 
The iirsi line of this serhrs is probably at 5 . 55/1, and is the first line 
of the i|iff«s«» series also, It has not yet Itecn olaierv'ed. 

Srftr.i (tS) tmli). The wave-lengths of this series run: 
XX 4 575 4t. 2680 46. 3429 44, am! 2221.91, as far as they have 
Iweii idiservnl, It is a faint serial. 'I'he second line coincides 
almost evatily with a line of the prindjtal series of Na, which is 
nearly always present as an impurity. I have inferred the presence 
of the t’a line only from the fact tliat the line was slightly stronger 
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llir 4i'i hi ill t lie'll' 4r^’im;r . t 

A |4lnt**i;r^i|4i ir; »ri ! . •' .. '■ - , ’ 

Sffirt iS «iA Um- • I -‘-i 1 - to A lii%' 

pt'ViMiUf It. fa 4 iinr W5 ■• ; .1;‘ .-I .i:;-:*'.-;/: -o--: , flu* 

Htnm;l lint’ X ;■.*•'♦■ hnl . . i: t ;? /.LL\ till 

iMt*l|llf ^*1 fiir 'tlsIiMJllVif **i it'. 4?-!'.;,: , • 'X I Lu' s:r*| f^itrr 

lilirn MV aI hk Mv^: i:%: 

AVrir:i .||^^ .mi'- 11}$'^ ». ^*':v4»i!i4!r..*rs i ^. * 4.si;.s'r,4.ri in «4lsrf 

f%jiri:t.r*t: lirn* il i** %rtv i.iint 4 ti 4 A*nr.t'AhAi 4^nthiinl 41m 

IlfHt liin* *HH?r4ia l«i br i'%, i4^wi%r4 Iv. lv^tru%$'n I'llf 

:?stM:titiii liiir 4ii»lil4 4|i|.«r4f iir,if h in it trvu^n 

I'lil^t *” }iy It tail*! 1 i|r lllir«t linr %% l^.aitiil tl^ ll l^rnln tr^l |‘'*<'i|li«>|| 
lit ^4*1^11 ill %4» until 

Sffif.i ijAi iml*^ ¥*w llir *.il*iil4lr4 %-Ahm %4 r h 

J,|I5; liilltt|*ill tlilH iitiHrr%'r*| ii Isiir aI iii : 1 or m-- i. tfir », .ilill- 

lili?fl viiliir tif r ^ llir .% | m — ,| iio liiir tiii.% 

Imni ftiiiini.. 11ir nmm*^ i*i %lill fltnihilul 

Sffifi I l/ll ■■ oiffA ^ t'«»r llir tjLiIrd \.iil|r *4 v i*» 

ItltijCi t|, *ittt| lltrfr IH II liiir nl olotrf'^rA ;ri- ..i |.,iitit ;tllt| 

Vrry liiir ili llir air in air l1ir isrtl liiir ii*.*l |r*iiir«.| 

Srriri iiAl ^ 'i'Jir lir^l liiir *4 ihi^ ^nir^ ii|*|«aif iii llir 

viiriiiitii mm m «|iiilr ii if *^-riir% 4i jiiitf 

itiiH itlriililk^fl liy Pumhm- "I'ltr iir%i Imr h %my l.iiiil, Itiii 

III. ^ rulriilniiml ^j|i ,4 H 4 Iftr lltsnl liiiii 

Cfiiltl ml 1^' ftittiiii., 

Swm Thh iimy rAW lt*t iif**! linr I 14.4 

TOt ftl Iwn ftittiil, lint tiir mm%m4 m m liiir .it ptr% iwiy 

Ihi piwlfctel Illicit, % jflii |i. llir ttiiiililiiiiiiiiii 1 1 i iSi 
wciir», liul llik h jirtiltilily iiirrriy n ri*|iit 4 t|riitr 

Sifki iit)} **■ (mph "f hh i*. %"rfy tliiiilitlnl. Inti i% iin Itnlrti 
Irnaiiittierfntiliiiijitiiiiimf ^ iiiitl^ilii -- 

tell tjifipiMiiiiltly III fiiiil mill iliilit:^ liiif% in llir *iir iii .lif llir 
».my iCiiitelal.* 
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, - , ,/ ? . ■' r r r-r-, jjul ^ .»3iititinliMii*^* fi»riiiril frt'iin 

5j* < I ' *-'! -U;.' !rir.'4 ,irr hrtr Hti|i|iri|, nil tlir 

^ fi;.»i'ii v.uiiuiii -Hriliri rs. !|| fin* 

fi| i! \ 3 1',’ .riir, ,n*' :i.*Hrii. iirw lilitH liriii|^ 

,l 1 ^ 1 , ", 1 % ^ ...... •a'jJr*! 'A ih * '4i‘4<lrf'4t4r |*i"rt i"4i4l. lilt* 

» i I!* . , n ^!v-<»:.%rl inhihil i rrl4iit i iirii»ii*% *irttiiii;i" 

it V I ^ r-,, in liir-j '4riii ,irr jirntiillilt*. Ill 

III aiif'’!* t tin" l^»iir Ht-fim mr ,||ivrin ailii iivi* 

ninl*iii4ti<nt '-tiir-i 1 lirfT .ifr iitiliiiilitiitH i4 lliri*e 

rrir% infiiiirl l*% . ^4ilnii4li^4s’i lirlmrrfi itir Irijlrl 4liti Hlllgkt 
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A KJ;VUAV III* IHI, SKKII.S IN TIIK .SFIXTRA 
nl THi: I I.KMKNTS 

1 * A 

I SI II'. . * :! *•*! !|ir rlrlSiri'f'^ *4r|'|r‘% ;iin! 

-tmi'; ‘f-:’ •.rjiv*. flif irLiti^^lr, 4ltMII|^ l!lr%4? 

•-> *A1': -'nr rlr!nri4,. .ifi4 .iiisi»fi|' 4ili'rSriil rtrillc’lliJi, 

, 4 % ,1 1 '' r-', r.l hit! Istllr 4!!rrili^4i iti -^j'lilr iif llH 

ohv'f'/,' .r4ri»''i i I %€4Si-. :•! tiller It li.i'^ Irrii kiiiiwil 

5 I 14 I *J’*^ *'■ ^ thrr 41^*’ 5s^.*.| Ii,i|4l4^ . 11 4., bill 4 f’r iiftfll 

.If I ,ir.; 4 * -f; M 4 ''45 -thirs r .4 ‘•i-riirH ri\rr|ii|ir% III 

4 * ■* I?’ .A'A'r li ..i*i ln' 4 t^ ■‘♦I iiiir’, llik 

41 f *’i I ■ Ir . , ‘S% 4 "* trr'»i|»|li/rit rt'H HIM.IIt 

4 % ihr !\hj 'ii !5 . \H 4 *j , m llir ^ 4 j*^'rtr;i .irr Hti* 

ihrtr - hiMlr frAv.^'s ituil %%r III.IV rVVf W'iirk 

4'4|I ifac^t 

1 Ik n'M'%^%% -m llic |»»t'-44riii |!ir% sii llir iiii«*riil4il*«ll i%'llir'}t 

iii.r's % 3 cI 4 4'; III** iialtiir ^4 llir 4l't*4ii 4ii4 litr jilty^ivitl 

jsf ^ r • ’;r 'i ••I’J 4St«| ll,„ 4tl4 W tltr'M^ ilt| 

"4li«4 ili.il:-' ?t .ih 411 ^ 4?^ l.»f :4lltir»l ii*i | ItC 

|'tr%ri;| tin atitil«r4i4lr 4 tr I’rH tlllllirr- 
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f4ii , 1 Sri’;rrM.\i. Smuis, 

.»! r\-i-ii.iiiiiii lor itirir |irodiiilii,in iluui docH the 

^rnr-. llir fundam^uUil ^erks is a faint series of 
!?4!! |4io*% S) ioi,* III ihrM* ill lilt* iiltni-reil ; its name is 

4 fit* lia! nil ‘dir. i 4 lli|t. 

.\|I\ of ilirM' sritvs may U* rrjtresiiiietl apfiriiximately by a 
‘.rrirn oiriiiiila. i»! %i hull ihm* are nevera! types, llie general 

t\|ir 1'^ 

i \ X 

f « ? *# t p ' j m f h f f\m I 

ttlirir X H l!ir iiiitvrrMa! series constant as before* though there 
are iiuliealUiiH ili.il iSh %-atiie stioiild ehaiige slightly; n and lu are 
■I'analdr II having a ?^ingle value for the whole of a 

^.rnrt, wlidr m iat%r’^ a wl oi integral values in succession; a and 
if are e*»ir4aiiK. and the lunetions f(n) and f( m} may take many 
toriii '^4 lu'iiir *0 ilirin ijiiite sati^laelory, loiir success is ofgainetl 
by gning the fiiiirliMiiH the ft»rin e.n^ ami d/m^, c and d !)eing 
iic'U t'oiiHiuiif tail in many ea^'s no simple form can possildy 
MU’vr ti»r th r'li' j'uiH'iiniH, rill' jHirtiitii tif tin* <k''iiominator 
MiilUii .IS ii ? (ini j*. M.nu'tinu'H ri-krml t<» for brevity as thv 
" n-btliMr' ; it .ItonKl '.fulr tliiwii to a r<iiistant valut* a.s wc 
il>c limit of the sfrivsi, :mt! usually tlocs so with 
i,i|<ultfy. t ht'HC lornnil.f havt* as yet no wry souiul theoretical 
basis. in»r aJiy rstablisbtnl atul tiitiversal shaj)e: hence it has proved 
iimvrnit'Ht to il-ulye the f|in‘stion of hmv they should lx; written 
by nsinn aM>rfviations. In the aliove ^•vncr^ll forttiula the right- 
h.»ml half of the expression ftir the wave-nunil)er is what we 
have already e.dUtl the term, and we indicate it by the symtol 
I »«,/»!, no matter hmv e«»m|»lex the forimila actually used might 
la* I he letter bracketetl with wi in this sytnlxd is usually chosen 
to indicate the series to whieh it refers; thus, the letters p^,d 
,ind / teier lespeeiively to the principal, sharp, diffuse and funda- 
meiita! series; tor example, ( l.p) stantls for the first term of the 
jtrtoi ipal series, t .t,s ( for the third term of the sharp. In the case 
of such elemeiils as have series of other sorts lieside pairs, the 
tetters indieair the *»ort : thus iii such elements, for example in Ca, 
small letters are iiserl for series «>f triplets, large letters for single- 
line c “ singlet ”) series, and t lreek letters for pair .series, except 
that t ieriitaii authors have «» far used old Clothic letters instead of 
t »reek. These distittetions are, naturally, not to l>e made, and have 
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no nwuniiifj in the c.i>f tu tlu- cUuutil'i nj t!u- mhIhuu iaiuily, 
where all series are pairs. 

'riie variaftle intej^er m lias iis lowest value Imi the tiist line 
of the .series. In no eases hut tli>*se .tf hvilroj^eu .uul 
helium can this integer In' ilejinitely setlle.i as vet ; in l.i. t, siuee m 
is alway.s a.ssueiateil with an a»l«leil constant whose value is aiiv* 
thing we please, the value ot m iM’coiues ei|ually ailjiistahle tier- 
man writers use hir the liisi hue ot the series the value hi > 
in the ca.se of the prinei|>al series, { tor the »liituse .nul | loi the 
fundamental, while fur the sharp iliey use value , iiilenue Hate 
between integers, lumuly » 5. J 5. .15. ete ,'s«.me I'.nghsh spe.ik- 
itig writers prefer to i*ut in t f»ii all first lines; such theoretical 
indications as there are rather favm the t ieint.in cusioin. 

.\ principal series may In- wriilen, in the symli«>lic way ex- 
plainetl aimve, t A (t.s) (ni,i»t. The hnui of the series is the 
term {l..s). which is the tirsi term of the sharp senes, as the 
letter indicates, This eonneetioii hetween the pinicij.al and sharp 
series .amounts to saying that tliey have .1 tii st ineinWr in cominoit. 
On this idea, the tirst line of the piniciji.d series has the wave- 
munlicr (t.s) (t.p). while the lirst hue of the sharp series is 
( t.p)“ ( liS). ‘I'he latter is neg.itive, and it might we!! he ohjeiied 
that a negative wave imntlier is me.iinngless, 1 he l 5 ohr tiieory 
offers ajKissihle explanation of this emioiis ease, ami others of the 
•s.'une sort, us indicated Ih'Iow, I'he /v'vdhcr.f ,Vchinf»r /u'c says 
that the wave nmnlK'r tlifferenre iKiweni the limit of the prineip.a! 
.series and the limit of the sharp and the diltnse series ( which they 
share in common) is et|iial to the wave immlier of the tirst line of 
the principal series, If this is otherwise expresseil it amounts to 
saying that the limit of the sharp series is the lirst term of the 
principal. Tltis fact was used aliove in writing the first line of 
the sharp series as (l.p) ( i,s). ‘Ihe whole of this series vvonld 
Ih‘ indicated hy t.'Ar f i.p) dm.s). 

The diffuse series is given l*y the formula i A !t,|i) iindK 
The terms fm.il) am! fm.p) are each doiiWe iti the case of jiair 
series, and in reality flie diffuse jwir contains three lines, the tirst 
and stronger line having a faint satellite. This is n,»ticeah!e 
only in the ease of witle pairs (e.ff,. lib and I'sf. ,md even 
then only in the first few series memlicrs. for the rr;»».on that 
the satellite ami the majr»r line close np together 

The fundamental series is given hy 1 A ( i.d » un.f ). Its 
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liiiii! i^ tlu* tirs! tcnii nl’ the ilirfitsc series, ;i law due ti> Rinifje. 
rite terms ( iti,! ) are aRit dimiile. tluni};!! very ehise in nm.st cases. 
Since the fwit values ut [ i.d) are not iar apart, this series con- 
sists i»t narrow pairs, oi which each line is itself a close double. 
While this coniplex,ity has Ihtu foiuul utdy fur t’s, there is every 
reason to Indieve that it is j^eneral. We ;ire dealiiif' here witli 
what is generally called the " tine structure ” of the lines, and a 
great many series lines pnne to lie coinjdex when ex.'unined under 
the highest resolving powers. In most eases this comple.'city is so 
dirticult to observe that we may stifely ignore it. 

kit/, fonmilateil a so-called " etimlrtuation law " to the elTect 
that atiy two terms, chosett from amotig the lists of tho.se in the 
four tyjie-series, might lie combined, and their dilTcrencc would 
give a vvave-numlH-r which might eurresjHHid to a real line, t aim- 
hinations which occur more or less commonly are as follows: 
( l.p) (nt.ii) ; (_».s) (m.j>) ; t J.pl -(m.d) ; (j.p) (m.s) ; (2.d) 
(lu.f ) ; etc. Of these the iirst, but only the first, are similar to 
diiTerence tones in acoustics. In such elements as have systems of 
triplet anti singlet series (c.;/., Zn. t *a. etc.), there also occur inter- 
sy.stem combinathins. of which the most itn[>ortant is (i,S)-- 
(m.p.j). Here the (m.p) terms are triide, Init the ettmbinatitm 
occurs only with the mitldlc v.'due, indicatetl by the subscript. 

On the luisis of the moilerit theory, the Ritz combination prin- 
ciple can lie given a simple physical interpret;ition. If the outer 
electnuis in the atom can exist in ti numlx'r of difTerent stationary 
states, in each of which their energy has a definite value, then the 
radiation is supposetl to occur on the transfer of an electron from 
ot»e of the.se .states to another. I'he change of energy which is 
involved in this event is proportional to the frtHiuency of the 
light, ami the light is su[>iH>.setl to lx* emitted (hiring this process 
and at no other time. Thus, the “ terms " should lie proportional 
to the energy in the corresponding states, and their differences, 
which by the combination principle give the frequency of oh- 
served sjiccfnmi lines, are proportional to the changes in energy 
associated with the transfer of an electron from one state 
to another. On this theory, if a negative wave-number occurs, 
it indicates merely that the electron passes from one state to the 
otfier in a direction ojijxisite to that which we might expect on 
Hjx’ctroscopic grounds, and this idea involves no special difficulty. 

'I'he entire spectrum of Li,Na,K,Rhor Cs could then Ik* writ- 
ten as i/A-.i(x,s)-(m,p) ; i/A =( i,p)-(m,s) ; i/A,=(i,p)-(m,d) ; 
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I,. A .. I I,fi I ■ I ill.l I. I»*|*nll«'i' %%nh .-‘T,:.,: -f^l 

llirsi* IrrilH. «*! thr ir 'i -r^ tt- ;;,•,! !r .1 4»'t* 

lli ihr llllni frit an*! arr th 4 **^r%rt%r 4 AA ‘it ^ir 

!ikr!y li» Ir lami. I' \M‘ih ilir ^..linr i.an'a'i 4? ■ *4 . i*, -! U-rii 

iiliM*rvr«! lit .ill ihr^r ^jiralra, Irtll si %rrnf, is4i4.^i ! 1 

l^h%* llir lirl.iiK ill thr '^rjtarair 

ill r* »lllj*af llll^ lilt" %|ii'iir 4 t*i tlir rlniirlilH 111 iiii^ |444i|i if 
iiiirrr>tiii|^ !«* ii4*lr llial tiir i%i 4 lli% iltr |niii'* *1110114! 

a|ij>riixiiiialr!)% llit'i.i|*'}i ii«»i rAarili, h* liir *i*jti 4 fr t'.r.a 1,1 ijn. 
alttlliit* iiiillilirr » 4 l tlir rktnriit. It iiiiijlit 4 l- 4 » triii.iiknl ili;i| 
tlir ^jieririiiii 11% a ttlitilr %lsiit% lltr % sl#i ii iili 

iiirri*#i*^iii|*' mriglit, 4^ iissifiii fiom tiir^ Ii 4 iiir 4 l 

CiiiiHiik’nilit'iiifi. Hir^r h%\ ^ ;i|ij*r4r I-h# U* ^*riirf4i! 

Ail tiirm* rliiiiriil»«^ j'*r«»l»4l»h' 4 n«-*|}irr 4 *^ %'ri 

liniriic-ally iiiikii*ni'ii. it ii4\r l«*rii ioU4i4 m ihr tir.iisrr 

lliiii lltM lifTii r4l!r4 ikr ^j»4t■k, mli.itiiril 'v|iri'iriiiii, 
kill it lititrr tn" ralirti ikr oi thr rlniinii 

It if4 jiiirliciikiiiy ra%y wiili the rlriiiniiH i.*i iln^ i4iiiih' 1*1 »lii4r!i 
am* alertrari fraiti t!ir alaiii. llir iinv iriiiii i%'*.^a!4 
wluii r!rrlf«iiH %irrr ilrtarlinl Irtii|i«'ir 4 iii% ^ 4ii4 ni ilir^sr 
reliiriird, lliii^ 11 ^ llir vibiaiiion^ lUr- .itoiii 11111111 % 

ai'ir rliTlriiii., Afi llir alriiii in tlii% jir*4,al4v tiavr 

a ?*lriirtliri* rrMillkllllg lllr nirii t4r|iirlil lo ikr Irll III Mrmlrlr- 
jclFji laliky i4*., Ill Xrtitt. Argun, , it 1 % ‘^arjiia^aig 1 I 141 si 1 % 
tlillimill la tiff a ^ri*i'>ii4 rlmraii, 4ii4 *.444111 iltr %j»rrirniii in 
c|iic*iilitiii, It h jirnkililr ikiii ilir ** I#riiii4**}v'kir4 '' at t #*4il%triii 
are iiiixliirei tif itii^ fi}«*r|rtitii i%4ili tlir artlnmrA anr. 

Ilk* n* ilir iir%i *441111111 at 

.MrmielrjrffX talilr uf ikr rlriiiriil^, %rr iimi iinnr c«4iij4ii4ir4 
HjiiHira* wliirli are iinl a** yrt i|iiiir raiii|i|rirly mii|r4'%i»»a«l I^4t1l 
raiiliiiii?i at |ra%l kilir H|ir ikrririt iii riirll at i%%:nt *ti uiir 

til iiliirli llir liiir% sirr al! in ikr i.»iitrt %ingiri>4. in 444^-^ 

tiaii. till* ^|ii*ilriiiii Ilf ikr kniiwl rirtiiriil k railirr fr44ilv 
tliirrtk giving ri«r la aii iiitlruriulrtit km ^niiikir ik«% itiiir 

at jiair^, m mir itiiglit r^jn^ci, iiiiirr, «Mir rlrr'tf*in goiir, ikr 

aliiiiiif %f riirliirr tif tliin family itlnnitil rriirmlilr- ikiit ilir «#rtliiiiii 
kiiiiily* fii rarli warm rtniiliiimlinii %rrir:% tmir, :iii4 ikr% 4ir 
a}i{i;irrittly iiiarr iiiijuirtaitl willi llir liravirr rlriiiriiH, mliiiii gsir 
tilt* rirliiT liiirr-^y^irtii -nrrir^ air tinr iif%i 

inn millt, :i# iiiriiliaiital akmr, Thtfr arr ritltrr <r;iiiifr% ni tlir^r 
;m yti tiiir^|ikiiiir4* atitl in mmm mm kiiaivlnlifr 1 % 
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!jt I .^1 ir^\l4iHr.„ %%r|{ kti’:-4%ti 4^ flir 

! 9, -a arm Ii4^^ ii»4 )ri '4u4^ a 

; r. fja" 4tJ n' s ./ir \ ^' rfi I llr ^j*rr IriliiM if #|i’iili«f hkr' 

l?,:*r ! rk < a‘i»ilr-4 '»% ’■iti'-lia iti ||||h 

4 '» |ria 4^4 ‘.iiu:--rt , hnl j»riii4j-4”. f'ralH iiiu-fr i4i|iHiir\, ii rl! 

4la Iir4rl4!r4 %%'4fs-r. ^*1 iiiir'% jkrt.»4tl»ril !*y |M|ii/rt! iirliiiiii 

i lli‘ 41*411 lir |'a4»4l4) jMi^Hr^sr^ !%%«» r^lnti4l r!ri'tl*4l^, tif 
|irltl4p** *»lll% 4 il*«ijrll>rr ti >11 ijii** *ii'i 4 »i|||| ||^ %jiritltllii i^iglif 
!o fi4%r 4 1**1 III »4iiiiLii It* 1 I 14 I *ti llir itllirf rlrliiriiH iiiiirfi li4vr 

llii% ariiiittr4l iratiiir, mm it* rli4 i% llii" If 

iilir pI llir^ir r!ri li**ti*» %%rrr rrllitH'ril* llir ^triicllirr ^liuillil 

|:r 4 f 411 latiitwl rt*H'iril4*iiirr l*i lluil t*f liytlrtip^ii, niitl io f;irl Ific 

%ji€"iii mil t»i iir i»l iiiir »rfir^* ltillti%\iii|| the 

Ikiliiirf iiJiiiiiti 4 . 4 ii 4 rrji«%iir*l, r.^^rtly im lli.»il *il ti. in twn 
utlirr |# 4 ii% **i llir 1 - 11111 , laiir immjmin t$i ilm ilisiriiVTry* 
r^rtilti.illy, i»i ^iiil iiimr i»i ilir^r |» 4 r 4 llrl u litf- 

frrritrr, liii%%rirfy -HlMrrrl l*%- llir wrir^ «*!' istfii^nl i4t* rtr*, lliill 
4 X liiti*i| i»r ii^ril tii S ilmli lit llir wrbn furitlillti* lilltl 

Hii!ir*% tlimry r\j 44 iiH l!ii» tliir l«» llir |irri»riirt til llir rxtfi, 
iiillfciltiiirnl r|-|*iri^r mi llir iitirlrii% ni llir 4Umt. 

Wtifi'i m-r It* Xr«ti. H**wr%^rr» wr %irr tlralitig, fiillinving 
llir Iriiiiliit 4ipiiiir ilintry tii mitl laitginiiir, wilfi li riiliict! 
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spccini rii llir la |4riiii|i. Tlir j*air .itr i,iiih %\rll kiiinvii, 

the iilfirr*^ jirarlkaily iiiilann^ii ; iiir% hr thr iv4%"t:?- 

leiiglhs, i*iie irii| 4 iil aiiiu'iiMir iisr 1.4 t that ihr iii j 

an niitialaiicril Hystnii hr iirrairi, ihrrrhai" i!ir ralr*» I 

lit vihnitiDii iiiprc ntj*i«l 1 

The llit^meilfs d/ iIi#* C .irhni Dr.aif Ilir %pr|-||4 mI r’ ;ii|ii i 

Si sliinv tlriiiiilc* ui l^iil iisair lia^r 4-^ iri J 

lislicd. \n:iloj*y imlicaU’^ that ihr .atl ii.ira '.}«'« na '•HmiiIiI i.»n. ■ 

tain ivvn rclattHl jiysUWH i>i scrirs, }»crha|*’« «>i an 4 lujiU t*., j 

ami that the iouiwl deinriit sluiiihl yivr .1 -uu^lr hv.U!I!, j»irh,i|i*t ^ 

of pairn. *l‘he latter sjicftriuii ‘.hutihl In* !<• mIiI.ish, amt thrci’- 
fort* tlithcuh to neparate tri»«» the i*nitjrr | 

'I he *ttluT dfuu*nt!i iti t i»hmiii >*h«nv par ilh l spiaip', ..f , 

lines, scatleretl at what smn !•* !«• ramlum nstrr%als I hr aitalvsis 

tif thr s|H*i*trnin of Xron, whirh •■rritHsl ii. * > *151401 'll!* !! jjiunps, 1 

hut was shown to In* inailr up i»l srnr**, lra*l*. »h i«» h *pr that a j 

similar result will lie huiml U* hohl in !hr'*r ea-irs al*..*, hut the ’ 

work has not yet Iren earrie«l oiii I hrs*' ijoaips. t .lostituir what j 

has ln’cn calk'd the " second tvjH* of icmdantv ” in sjtr* tra i 

The lilements of the Xilrotieti itroof* I hr ’•ainr rnnarks I 

may Ix' matle in retjard to this family of rlrmnii*. a-* appiv 1** the 1 

preceding, except that one wonhl evpe»i the atransjrmmt •*! the t 

ordinary spectrum and the s[H'ciriim of the loin/rti rlemriu to lie 
interchanged. No series have as yet l«-rn w<»rked <*111 here, hut I 

ohvious trijilets and jwirs occur in N‘ I hr hranrr idrinriiis con* 
tain parallel groups. 

I he Hlemenis of the Oxytieu (irouf* I hr tJxvgrn f.iniily 
contains two systems of series, pairs and iriplris, sshich srrin bilh i 

to come from the ortlinary atom. Apparmily ihr sjirctrnm of 
the ioniml elcmcjit is the " sjKirk '* sjiecirmn, which is wrl! kmnvn, ■ 

Init rather complex, and in wdrich lui regiilarilir* have as yet j 

l«*en found. 

The Hlemenfx of the ChUmne t/rnii/* "* -These give complex 
spectra most of which have not yet shown any systrmafic art.inge* 
ment, though Paschen has very recently shown that ioni/rd ('! 
gives series of trijilets. 

’t he Te-Tt —These elements also give very romjdex 

sjiectra, though a jiatient analysis of a few of them has yielded 
jjarallel groujis. It seems at present ipiite hojietess to aiirmpt to 
arrange these sjieetra into series. 

This brief survey of onr knowledge of sfiecirtim series serves 



!.Ui . i 


S}'| j IHM Sl'KIl;'. 


1 1 


1.1 -li -u (|i5iSr ilf.ish liovv liniili-i! kliuvvk’ti^jr i*,, huM 

!. j'iJs- Jiri-4 !<•) vM.rlaT^ HI ihs-i •rlaiil Jirld, 

!''\m !»•« s>.u!t'r <•! is! .i| riki'ttaimii. at uju'c upcji*. 

i)]> all r\ti-u-.Hj' lu lii «>! r\]H’t iis\»'sli^.jtti>ii, a** it '.liKithl lif 

mnl !■»( Ji»t al! jiii'. ahlr «’!i-ii!»-iU * uj aU Jui’isihU' }iai t‘> <t| tin* sjh'C- 
truHi ! a t \raf a! Sra 4 tu .> *,11111 luuili-*, i.| i Hi itath >M wiTt* 
tlfvr!. <jir(| uhst h hau- ^ttrat inter*-'.! tlir high vaiiumi sjtark used 
hy Millikan !«> hr«ak nnv gr<»iind aiii«»ng tlir shiii!i'..t \vave« 
length'., and tlu' nn-ihml nt ni very thin wires used 

hv .\udri'>«‘n l a*h nl llu’se |)r< •tui.ies t«» yiehl iulerestitig new 
s|»*'t f!a. and *.hniilil In* iu<»'t *areiuliv >.tudie«l fr«»ni a series staiul 
|(i.int < Hhei iueth«»ds will d«>uhl|ess 1 h* deve!»ine»l in the tuture, 

A general tein vv i.t the series sjieefr.i «d the eleiueiits yields 
two new laws, teeeiitlv staled hv K«isset and SnUHUerteh! oil the 
basis 111 eiideiiie '.iill uu oiujilele, though their jirohahle validity 
has long Ihi ii reeo};ni/e«l 

Ihe Jiisl oj these is that the sjieetriHU id an ionized eletnent 
(laekiiig one elet trout is like that oi the elenient in the next 
eoluinit to the leti in Mendeh-jert's lalile, though shitted toward 
higher lrr«|nen*ies ; tor exaiitjile, ionized t‘a (l a* ) gives a spec- 
trum veiy like that ol |\ ; atul this ivonlil !«• exjieeted since each 
has hilt one exleriiat electron. 

The sreoiiti law slates ih.ii the sjMH'tra alternate in character 
in passing across Mendelejell's tahle. Thus the sjiectra of Na 
and Al consist *ii pair series and reseinhlc each other closely ; N is 
protxdify similar < a. Si and S have many features in conunon, 
and eaeit prolMtily tiirnishes two set.s of .series, singlets anti triplets. 
This rouhl not lie foreseen from etinsitlerations of atemtic struc- 
titrr, hnl indicates that when electrons are added to titc outside 
of ail atom, asotcuis in jxissing from left to right aertws the table, 
the electrons have a strong tendency to unite into rather inactive 
pails; thus the sjH-etrum of Al apjiears to Ih* that dtie to a single 
externa! ehTtron, though there must lie three present; but two of 
ifie -r are so closely Ismnd together tlrat they do not take part in 
the emission of light, larngnmir Itas recently called attention to 
this tenilency of eleciromi to form |«jlr8, on the basis of quite 
ihfferent evidence. 'J1sat other laws of general interest will come 
»int of such study cannot Ire doubted, and It is earnestly hoped 
that the near fuliifr will witness a vigorous development of 
this subjert. 

jjttftfmn PiivsiCAi. hAiswAroiiv, 

Uwimiwtv. 




